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In mammalian tissues three pathways have been delin¬ 
eated as being involved in triglyceride (TG) biosynthesis: 
1. the sn-glycerol 3-phosphate ( G2-C-P) pathway; 2. the 
monoglyceride (MG) pathway; 3* the dihydroxyacetone phos¬ 
phate (DHAP) pathway. Previous work from our laboratory 
has shown that the MG pathway does not exist in M. 
smegmatisc The relative importance of the other two path¬ 
ways in TG formation was investigated in this study. 
Experiments performed in this study with labeled* glu¬ 
cose, fructose 1,6-diphosphate and 3-phosphoglycerate have 
shown that the above compounds and in particular the gly¬ 
colytic intermediate DHAP were not acylated to any extent. 
On the other hand, indirect as well as direct evidence was 
obtained indicating that OC-GP acts as a primary acyl 
group acceptor in TG synthesis. 
06-GP-acyltransferase activities were found in both 
the pellet and supernatant fractions of M. smegmatis 
1 
cell-free extracts. Their activities were found to be en¬ 
hanced by low concentrations of ATP, CTP, and Mg^+. In¬ 
hibition of this group of enzymes was also observed with 
flouride ion (F“), Tween-20, and after freezing and 
thawing. 
The enzyme phosphatidate (PA) phcspholydrolase which 
is two separate enzymes in animal systems, appears to be a 
single entity in the bacterial system. This enzyme was 
found to be totally Mg^+-dependent, stimulated by Na+ 
and K+ and inhibited by Tween-20 and F”. 
An endogenous TG precursor was detected in the cell- 
free extracts of M. smegmatis. Indirect and direct evi¬ 
dence was presented showing that such a compound was a 
1,2-diglyceride (DG). The DG-acyltransferase activity was 
found to be much greater in the supernatant (cytosol) 
fraction than in the pellet (membrane) fraction of the 
cell-free extracts. Its activity was found to be stimu¬ 
lated by ATP, CTP, Mg^+, and Na+, and was inhibited by re¬ 
peated freezing and thawing. 
Enhancement of TG synthesis was observed with various 
glycolytic products. Experimental results suggest that the 
stimulatory action of these compounds was of an indirect 
nature, being a result of the stimulatory effect of the ATP 
generated as a result of the metabolism of these glycolytic 
compounds. 
V 
A possible method of purification or partial puri 
fication of the important enzyme, PA-phosphohydrolase 
was suggested. 
I - 
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INTRODUCTION 
The genus Mycobacterium is comprised of both sapro¬ 
phytic and pathogenic bacteria. The pathogenic members 
of this genus are the causative agents of two devastating 
human diseases, tuberculosis and leprosy. Early in the 
studies of these organisms, a close correlation was ob¬ 
served between the high lipid content of the organisms and 
pathogenesis. 
In addition to having a high lipid content (ranging 
up to 30$ of the cell dry weight in some species) these 
organisms also produce a great variety of lipid compounds 
(9, 44> 99)# Many of these compounds are unique to the 
mycobacteria. 
The mycobacteria also appear to be the only group of 
bacteria* which produce triglycerides. The cells may con¬ 
tain a very high concentration of this lipid, in some 
instances it constitutes the bulk of the lipids. 
With the exception of a study of the positional dis¬ 
tribution of fatty acids on mycobacterial triglycerides 
(157)> the triglycerides have remained the least studied of 
^Although most species of mycobacteria are bacterium¬ 
like in appearance, these organisms are classified with the 
fungus-like organisms the nocardia, actinomycetes, and 
streptoraycetes (15). 
2 
the mycobacterial lipids. The pathways involved in tri¬ 
glyceride biosynthesis and factors regulating these path¬ 
ways are not known. This study was instituted to provide 
information on the biosynthesis of triglycerides by the 
mycobacteria. 
o 
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.LITERATURE REVIEW 
The triglycerides (TG) comprise a major portion of the 
lipids of the mycobacteria. Although quantitative data is 
lacking for most strains (9) the TG content of the few 
strains studied has been found to comprise up to 30% of 
the cell dry weight (44)* In unpublished studies (11) it 
was shown that when Mycobacterium smegmatis was grown on a 
medium containing high concentrations of glycerol, TG was 
found to constitute \3% of the cell dry weight. At lesser 
glycerol concentrations, the TG content was somewhat re¬ 
duced. However,.even when the cells were cultivated with 
asparagine and citrate as sole carbon sources, the cells 
produced a few percent of TG. 
Mycobacterial TGs have been found to contain a high 
proportion of long-chain fatty acids (over C2o)* A stero- 
specific analysis of the fatty acid distribution of tri¬ 
glycerides isolated from M. bovis BCG and M. smegmatis 
(157) showed that the fatty acids of position 1 were 
principally oleic; position 2 palmitic; and position 3 
tetracosanoic in the case of M. smegmatis and hexa- 
cosanoic in the case of M. bovis BCG. The fatty acid dis¬ 
tribution of the phospholipids (phosphatidyl ethanolamine 
and cardiolipin) was essentially the same as that 
4 
of the TGs. Most of the oleate v<as replaced by tubercu- 
losterate (10-methylstearic acid, synthesized by the C- 
methylation of oleate) and much of the palmitate at position 
2 of the phospholipids was found to have been desaturated 
to the 16 carbon monoene (probably the A^ and hexa- 
decenoates) (67). 
The function of TGs in the mycobacteria is not known. 
They may very likely have a dual function, serving both as 
a source of energy and carbon and as a source of fatty 
acids for phospholipid and raycolic acid biosynthesis (157). 
Johnston and Paultauf (71) and Kornberg (39) suggested that 
in mamalian systems TGs serve as a fatty acid pool supply¬ 
ing substrate for phospholipid biosynthesis. The TG may 
also serve as a source of 1,2-diacyl-sn-glycerols (1,2- 
diglycerides, DG) for the reaction CDP-base + DG phos¬ 
pholipid-base, the predominant route of phospholipid bio¬ 
synthesis in mammalian systems (112), If the TGs are in¬ 
volved in the biosynthesis of phospholipids as suggested 
by these authors, then they may be more intimately involved 
in overall lipid metabolism than had previously been thought. 
It has been well established that there are two major 
pathways for TG synthesis in animal tissues: 1. the 
sn-glycerol 3-phosphate (oi-GP) pathway which involves 
Ol-glycerophosphate as precursor, with phosphatidic acid 
(PA) and 1,2-diacyl-sn-glycerol as intermediates (Fig. 1) 
and 2. the monoglyceride (MG) pathway, in which 
5 
monoglycerides are directly acylated to di- and tri-glyc- 
erides. The first pathway was suggested by Kennedy in 
1957 ($1) and has since been shown to exist in several 
different mammalian tissues (19, $5, 36, 139, 142, 143). 
Evidence for the second pathway was first presented by 
Clark and Hubscher (24). Their results have been confirmed 
and extended by various investigators (4, 19, 20, 21, 25, 
31, 61, 63, 79, 34, 106, 134, 135, 133, 139, 143, 144, 146). 
Recently, another pathway has been found to exist. 
Dihydroxyacetone phosphate (DHAP) was shown to be acylated 
to acyl dihydroxyacetone phosphate. This compound was in 
turn reduced to form lysophosphatidic acid (46, 47, 43, 49). 
Acylation of iysophosphatidate to phosphatidate has also 
been demonstrated (93, 147). These reactions provide an 
alternate pathway for the biosynthesis of PA. 
Investigations by Goldman (43) on the pathways of 
glycerol metabolism in M. tuberculosis H37Ra suggest the 
possibility of the involvement of DHAP in mycobacterial 
lipid metabolism. In this study Goldman showed that glyc¬ 
erol was initially oxidized to dihydroxyacetone (DHA) prior 
to phosphorylation to DHAP and subsequent metabolism. 
Figure 1 is a composite chart of the relationships 
between carbohydrate and lipid metabolism in mammalian and 
bacterial systems. As can be seen from this figure, PA is 
the key compound in the biosynthesis of both neutral and 
6 
glycerol 
CDP-choline 
glucose 
i 
Jr 
fructose- 
1,6-diphosphat e 
dihydroxy acetone- glyceraldehyde- 
phosphate 
cc-glycerophosphate 
j 
lysophosphatidic 
acid 
1 \ 
phosphatidic 
3-phosphate 
n 
1,3 diphospho- 
glycerate 
n 
3 phosphoglycerate 
n 
2,3 diphosphoglycerate 
Figure 1 
Some Interrelations Between Carbohydrate Metabolism and 
Lipid Biosynthesis 
7 
phospholipids* In mammalian systems the PA is hydrolyzed to 
DG which either reacts with a CDP-base to form a phospholipid 
or is acylated to form TG (112). In bacterial systems the 
PA is converted to CDP-DG which is used in phospholipid 
biosynthesis (23). 
The pathways involved in neutral and phospholipid 
biosynthesis in the mycobacteria are not known. Unpublished 
observations (Walker, 1972) have shown, however, that a 
membrane preparation of M. smegmatis was able to form 
CDP-DG from PA and CTP suggesting the involvement of the 
typical bacterial pathway in phospholipid biosynthesis. 
Other observations (11) have shown the presence of the sn- 
glycerol-3-phosphate pathway and the absence of the MG 
pathway. 
I. Acylcoenzyme A: sn-glycerol 3-phosphate-o-transferases 
1. Distribution of the Acyltransferases. The proper¬ 
ties and distribution of acylCoA: sn-glycerol 3-phosphate- 
o-transferases have been studied in various mammalian tis¬ 
sues. Their activities were detected in adipose tissue 
($, 30, 63, 133, 15$, 159), liver (29, 39, 33, 93, 97, 9$, 
110, 122, 159, 164), intestinal mucosa (19), mammary gland 
(90), and brain cerebral hemispheres (123). Their kinetic 
parameters were also investigated in bacterial cell-free 
preparations (3, 41, 117, 130), and in yeast (71). 
. ; 
■ 1 
Although it is generally accepted that the activities 
of the acyltransferases are present in various subcellular 
fractions, their quantitative distribution pattern is con¬ 
troversial; Daniel and Rubinstein (30), and Roncori and 
co-workers (6, 133) found these enzymes were largely con¬ 
fined to the mitochondria, Steinberg (145), Tsur and 
Shapiro (151), Lamb and Fallon (93), Yamashita and Numa 
(164), Eibl et. al. (34), and Possmayer et. al. (122) 
reported that the enzymes were primarily distributed in 
the microsomal fraction. In a study of lipid metabolism 
in the yeast Saccharomyce3 carlsbergensis Johnston and 
Paltauf (71) concluded that the sn-glycerol 3-phosphate 
acyltransferase activities were equally distributed be¬ 
tween the mitochondria and the mitochondria-free super¬ 
natant fractions. 
Working with rat liver, Daae (29) provided evidence 
that the activities of sn-glycerol 3-phosphate acyltrans¬ 
ferases were present in both microsomes and mitochondrial 
outer membranes, and the main product of the esterification 
reaction was phosphatidic acid and 1-acyl-sn-glycerol 
3-phosphate, respectively. He suggested that the failure 
of other workers to find appreciable acyltransferase 
activity in the mitochondrial system may have been due to 
the extreme sensitivity of these enzymes to inhibition and 
to the fact that the main product was lysophophatidate 
9 
which may have escaped detection, 
2, Are Singular or Multiple Enzymes Responsible for 
the Acylation of the 1 and 2 positions of sn-glycerol 
3-phosphate? Ray et. al. (130) reported that a single 
multifunctional enzyme was responsible for the acylation of 
both the 1 and 2 positions of the sn-glycerol 3-phosphate 
molecule in PA-biosynthesis. This view was supported by 
the fact that phosphatidic acid was identified as the sole 
product of the esterification reaction (6S, 88, 122), 
With the exception of a few bacterial systems (3, 41) 
and the rat liver microsome system of Lamb and Fallon (93) 
attempts to demonstrate the presence of the intermediate 
lysophosphatidic acid, have been unsuccessful (3&, 53, 54, 
SO, 97, 103, 122, 147) 
In 1963, Merkl and Lands (107) suggested that a number 
of acyltransferases may be involved in lipid synthesis. 
Later, widely differing patterns of acyltransferase activi¬ 
ties, both with different acylcoenzyme A and with different 
phospholipids, were found with microsomal preparations from 
various tissues by Lands and Hart (9&). They also reported 
that the enzyme which catalyzed the first acylation of 
glycerol phosphate differed from the enzyme catalyzed the 
second acylation by being more sensitive to inhibition by 
sulfohydryl-binding reagents. It was proposed that the 
process of PA formation was mediated by two distinct 
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acyltransferases and occurred by a sequential acylation 
of glycerol phosphate. 
Recently the monoacylation of sn-glycerol-3-phosphate 
has been demonstrated in a number of studies (29, 39, 110, 
117, 153), evidence was presented that lysophosphatidate 
does indeed serve as an intermediate in the formation of PA. 
Tamashita and Numa (164), by resolving the rat liver 
microsomes with a non-ionic detergent Triton X-100, in 
glycine buffer pH £.6, and by using the separation pro¬ 
cedures molecular-sieve chromatography and sucrose density 
gradient ultra-centrifugation, were able to partially 
purify a glycerol phosphate acyltransferase which cata¬ 
lyzed the formation of l-acyl-glycerol-3-phosphate, fur¬ 
ther substantiating that more than one acyltransferase is 
involved in the process of PA biosynthesis from acyl de¬ 
rivatives and glycerol phosphate. 
3. Random or Stereosoecific Acylation of sn-glvcerol 
Phosphate. Naturally occurring lipids seldom have a 
random fatty acid distribution (51). This fact is particu¬ 
larly evident by the work of Rhodes (131) on egg yolk 
phospholipids. Walker, Barakat and Hung (157) while study¬ 
ing the positional distribution of fatty acids in the phos¬ 
pholipids and triglycerides of mycobacteria, observed that 
position 1 of these lipid fractions was esterified princi¬ 
pally with related fatty acids while position 2 was 
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occupied mainly by Cfatty acids* A preponderance of 
very long chain fatty acids were found on the 3-position 
of the triglyceride molecules. 
Lands (94), in 195#, had suggested that the acylation 
of glycerol phosphate was random and the specific fatty 
acid distribution pattern observed in tissue phospholipids 
might arise from a redistribution of acids after nitro¬ 
genous base has been attached to the molecules. The pres¬ 
ence of and the properties of different acylCoA : phospho¬ 
lipid acyltransferases have been described (95, 93, 107)* 
It is possible that the fatty acid pattern observed in the 
natural triglycerides is not introduced at the initial 
acylation steps but is a result of the action of the lipases 
and the re-acylation reaction. 
Pieringer et. al. (117) studied the acylation of 
sn-glycerol-3-phosphate by E. coli particulate fractions 
using various acylCoA derivatives. They reported that 
certain fatty acids which are reportedly not constituents 
of the glycerolipids in this organism were used as active 
substrates in the esterification reaction. These observa¬ 
tions would cast doubts on the selectivity of the glycerol- 
phosphate acyltransferases. 
Questions of positional specificity of acylCoA-glyc- 
erol phosphate acyltransferases were raised by Lands and 
Hart (97, 93) and Hill et. al. (54). They reported that 
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although non-random fatty acid incorporation was observed 
when a mixture of linoleyl- and stearoyl-CoA and sn-glyc- 
erol-3-phosphate was incubated with rat liver slices, four 
species of PA were produced when the same mixture was in¬ 
cubated with a solubilized pigeon liver microsome prepara¬ 
tion • The finding that 21% of l-stearoyl-2-linoleyl- and 
22% of l-linoleyl-2-stearoyl-glycerol-3-phosphate and 15% 
and 42$ of distearoyl and dilinoleyl species, respectively, 
were formed,' indicated that the cell-free system was not 
selective in esterifying these two acids, and that both 
positions 1 and 2 may be acylated by either acid* 
Studies showing that there was no preference for un¬ 
saturated fatty acylCoA in the acylation of 1-monoacyl- 
glycerol-3-phosphate (12, 41), or for saturated acyl donors 
in the acylation of the 2-acyl isomer (114) have been re¬ 
ported* Such an apparent lack of selectivity, however, 
might be due to the elevated concentration of substrates 
used in _in vitro experiments was suggested by Lands and 
Okuyama (96). These authors demonstrated that saturated 
fatty acids could be progressively excluded from the 2-posi- 
tion of phosphatidate molecules in the presence of unsat¬ 
urated acylCoA by decreasing the concentration of 1-acyl- 
glycerol-3-phosphate• 
Substrate specificity in the esterification of sn-glyc- 
erol-3-phosphate in cell-free systems was first described 
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by Komberg and Pricer in 1953 (S3)* In 1966, positional 
specificity of various fatty acids in the acylation re¬ 
action was observed by Husbands and Reiser (66), Possmayer 
and co-workers (122), using rat liver microsomes and ATP, 
coenzyme A and ^C-fatty acids as the acyl donor system, 
found palmitate to be the most rapidly incorporated 
saturated acid, but an even faster rate of acylation was 
obtained when unsaturated acids of 13 carbon atoms were 
used. When the distribution of the radioactivity incor¬ 
porated into phosphatidylcholine, phosphatidylethanolamine, 
and phosphatidic acid was studied, it was shown that the 
majority of the saturated fatty acids were at the 1-position, 
while the polyunsaturated fatty acids v/ere essentially con¬ 
fined to the 2-position. Similar results were obtained 
with rat liver microsomes by Lamb and Fallon (93) and 
Monroy et. al. (110), and with E. coli particulate prepara¬ 
tion by Ray and co-workers (130) and Van Den Bosch and 
Vagelos (153)> and with partially purified rat liver micro¬ 
somal enzymes by Yamashita and Numa (164). 
Supporting data from in vivo studies were provided by 
Akesson, Elovson, and Arvidson. Radioactive linoleate (5)» 
glycerol (6), or palmitate (7) was injected into rats by 
the intraportal route and the rates of incorporation into 
various hepatic lipid fractions was measured. It was re¬ 
ported that 90% or more of ^C-linoleate and of ^H-palmitate 
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was incorporated into position 2 and position 1, re¬ 
spectively. When the radioactive unsaturated fatty acid 
was used, labeling was much greater in palmitate- than in 
stearate- containing species. When lH-unsaturated fatty 
acid was used, the highest labeling v^as found in saturat¬ 
ed :monoenoic and saturated:dienoic species. The incor¬ 
poration of ^H-glycerol was shown to occur predominantly 
in the species containing palmitate on the 1-position and 
either a monoenoic or dienoic acyl group on the 2-position. 
4. The Possible Regulatory Role of AcvlCoAcsn- 
glycerol-phosphate-o-transferases in the Biosynthesis 
of Lipids. Lipids make up a significant portion of 
biological membranes. Since these dynamic membrane systems 
are continuously undergoing metabolic flux, it is apparent 
that the formation and degradation of the lipid components 
must be under some form of tight control. The bulky, hydro- 
phobic nature of the lipid molecules makes it unlikely that 
they could function in feedback control. In addition, the 
change in enzyme profile of the cell would seem to be too 
clumsy a process to respond to the ever changing nature of 
the membranes. It is likely that certain small, hydro¬ 
philic molecules are responsible for modulating the rate 
at which these hydropholic moieties are synthesized. 
The esterification of sn-glycerol-3-phosphate by long 
chain fatty acids has been suggested as a possible 
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regulatory step in lipogenesis (16, 33, 60, 152). Effects 
of hydrophilic molecules on enzymes catalyzing such a re¬ 
action have also been reported by various investigators. 
Pieringer and associates (117) observed that the process 
of acylating glycerol phosphate to lysophosphatidate and 
then to phosphatidate was dependent on the presence of 
2+ 
Mg . Similar results were also reported by Fallon and 
Lamb (39), by Jamdar and Fallon (63), and by Yamashita 
and Numa (164). Although it is generally agreed that mag¬ 
nesium is a positive effector, contrasting results have 
been obtained when some other divalent ions were tested. 
Jamdar and Fallon (63) showed that acyltransferase activi¬ 
ty was reduced 25-40$ by Ca2*, Fe2+, Co2+, and Sn2+, while 
Zn2+ and Cu2+ caused a 90$ decrease in activity. On the 
other hand, Yamashita et. al. (164) reported that the par¬ 
tially purified glycerolphosphate acyltransferase required 
Ca2+ for its activity, and Mn2* and Co2+ were able to sub¬ 
stitute for Ca2+ with varying degrees of effectiveness. 
Data indicating that acyltransferase activity was 
stimulated by albumin at low concentration of acyl coenzyme 
A was presented by Fallon and Lamb (39). 
The ability of cytidine triphosphate to decrease the 
incorporation of ^2p-glycerol 3-phosphate into rat brain 
lipids was first reported by McMurray et. al. (113). This 
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observation was extended to other cytidine nucleotides by 
Possraayer and Strickland (124, 125, 126). Although the 
action of cytidine nucleotides was suggested to be by in¬ 
hibition of the glycerol phosphate acyltransferase en¬ 
zymes, the stimulation of the phosphatidate phosphohy- 
drolase enzyme was not ruled out by these authors. 
It is possible that cytidine nucleotides stimulate 
the formation of CDP-diglycerides from PA, and the CDP-DG 
is hydrolyzed to produce CDP and DG. In fact, evidence for 
such a hydrolysis has been presented by Kiyasu (87), and 
results showing that CTP and CMP stimulate neutral lipid 
formation at the expense of PA have been obtained by 
Erbland et. al. (37) and by Marinetti and co-workers (32, 
33, 102). 
Recently Possmayer and Mudd (123) determined that the 
incorporation of sn- 1/fC-glycerol 3-phosphate into rat 
brain cerebral hemispheres total lipid was markedly de¬ 
creased by cytidine nucleotides, particularly CTP. It was 
shown that the depression was due to a striking decrease in 
the labeling of PA. Evidence was also provided that the 
phenomenon was not mediated by a stimulation of PA-phos- 
phohydrolase or by the hydrolysis of CDP-DG. Thus, the 
inhibitory effect of cytidine nucleotides on the glycerol 
phosphate acyltransferases was evident. 
Merlie and Pizer (108) in a study of phospholipid 
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formation in E. coli, found a strict correlation between 
guanosine tetraphosphate accumulation and inhibition of the 
biosynthesis of these lipids* Experimental data was pre¬ 
sented which suggested that the regulation occurred at the 
sn-glycerol-3-phosphate acyltransferase step. 
In addition to the pyridine- and purine-nucleotides, 
a number of other hydrophilic effectors of the acyltrans- 
ferases have been identified. Sulfhydryl binding agents 
(39, 93), and sodium palmitate (39) have also been shown 
to have marked effects on the enzymes. 
The activity of the acyltransferases has also been 
found to be affected by lipid materials. PA (39), phos¬ 
phatidyl serine, and phosphatidyl inositol (164) were re¬ 
ported to be inhibitory to the enzymes, while stimulation 
of their activity by phosphatidyl choline and phosphatidyl 
ethanolamine was demonstrated (164). Working with micro¬ 
somal and whole cell preparations obtained from adipose and 
intestinal tissues, Polhein et. al. (121) reported that the 
2-monoleyl ether and various monoglycerides were inhibi¬ 
tors of PA and neutral glycerides synthesis. These authors 
# 
determined that the inhibitory effect of these molecules was 
due to their inhibition of the acylation of glycerol-phos¬ 
phate. 
II. Dihydroxyacetone Phosphate Pathway 
1. General Consideration. The dihydroxyacetone phos¬ 
phate pathway was first described by Hajra and associates. 
In a study of the rapid labeling of mitochondrial lipids 
by 32P^ or )T-32P-ATP, Hajra, Sequin and Agranoff (50) 
noted that a lipid was formed which had properties not 
corresponding with those of any known phospholipids. This 
unknown mitochondrial lipid was subsequently identified as 
acyldihydroxyacetone phosphate (4$). Its formation from 
DHAP and acyl coenzyme A in guinea pig liver, brain, kid¬ 
ney, and heart (47) and in rat liver, brain, kidney, heart, 
testis, spleen, and adipose tissue (92) has been reported. 
Evidence that this lipid was reduced to lysophosphatidate 
by NADPH in liver mitochondria and in ascites tumor cell 
microsomes was provided by Hajra and Agranoff (49), and 
LaBelle and Hajra (91), respectively. The formation of 
phosphatidic acid and neutral lipids from DHAP, acyl CoA, 
and pyridine nucleotides has been demonstrated in a number 
of recent studies (91, 127, 129). 
The existence of the DHAP-pathway as an alternate 
route for phosphatidate-biosynthesis was further documented 
by Rao, Sorrels, and Reiser (128, 129). They found that 
the formation of PA and glycerolipids from 1/fC- fructose 
1,6-diphosphate was stimulated by the mitochondria-free 
supernatant fraction by a process that required NADH or 
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NADPH. This reaction was not affected by dilution upon 
addition of glycerol 3-phosphate. They also reported that 
PA-synthesis from DHAP in rat liver was influenced by fast¬ 
ing and re-feeding, while PA-synthesis from glycerol phos¬ 
phate was not responsive to changes in diet. 
The relative participation of the two pathways in 
mouse liver homogenate has been assessed by Agranoff and 
Hajra (2). Based on the reported nucleotide specificity 
for the reduction of DHAP and of acyl-DHAP, 3H-NADH and 
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^H-NADPH v/ere used in the estimation of the relative rate 
of the two pathways. Results obtained indicated that a 
significant portion of glycerolipids could arise via the 
DHAP-pathway. However, the validity of such a conclusion 
was questioned by McMurray and Magee (112). In fact, using 
a mixture of 2-^H- and 1,3-^C- glycerols and by measuring 
the ratio of ^H:^C, Okuyama and Lands (115) have estab¬ 
lished that the biosynthesis of PA in rat liver slices 
cannot proceed via the DHAP-pathway. Thus, the physiologi¬ 
cal significance of DHAP as a direct substrate for acylation 
awaits further investigation. 
2. Enzymes of the DHAP-pathway. The activity of 
acylCoA-DHAP acyltransferase was found to be higher in 
mitochondrial fractions than in microsomal fractions of 
liver tissues from both guinea pigs (47) and rats (92). 
The reduction of acyl DHAP to 1-monoacylglycerol 3-phosphate 
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has been reported to take place in mitochondria (49), and 
in both mitochondria and raicrosomes (91). Enzymes cata¬ 
lyzing this step were found to be specific for NADPH as 
the coenzyme (49, 91). However, Puleo, Rao, and Reiser 
(127) provided some evidence that enzymes of the DHAP-path- 
way leading to the formation of PA in rat liver were pres¬ 
ent in the microsomal fraction but were absent from mito¬ 
chondria* Furthermore, NADH was reported to be twice as 
active as NADPH as a co-factor in this biosynthetic re¬ 
action* Recently, the formation of glycerolipids from 
DHAP, acylCoA, NADPH or NADH in rat liver mitochondria and 
microsomes was investigated by LaBelle and Hajra (92). It 
was suggested that the major portion of the glycerides 
formed in the presence of NADH was a result of the acylation 
of Oi-GP which had been formed from DHAP by action of C£-GP 
dehydrogenase. 
3# Stereospecific Distribution of Fatty Acids in Re¬ 
spect to the DHAP-pathvray* In a study which analyzed 
the fatty acids distribution patterns of phosphatidic acids, 
Hajra (46) reported that PA derived from DHAP showed a 
pattern similar to that of natural glycerides and phospho- 
glycerides, while that formed from &-GP was more random. 
Although conclusive evidence was not obtained as to whether 
the DHAP-pathway accounts for the natural positional speci¬ 
ficity, greater selectivity appear to be found via the 
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DHAP-pathway than via the O' -GP-pathway. 
III. Phosphatidate Phosphohydrolase 
1. General Consideration. The enzyme phosphatidate 
phosphohydrolase which was first discovered in plant tissue 
by Kates (77) in 1955 was subsequently identified in animal 
tissues by Smith, Weiss, and Kennedy (141, 160). This en¬ 
zyme, in addition to being a required enzyme for the con¬ 
tinuity between phosphatidic acid and 1,2-diglyceride in 
the OL-GP-pathway of triglyceride snythesis, has also been 
implicated in the active transport of sodium and potassium 
(25, 27, 36, 56, 57, 5$)* Evidence has also been presented 
that PA-phosphohydrolase is involved in a regulatory role 
in triglyceride and phospholipid metabolism (111, 156). 
It appears that there are at least two types of PA- 
phosphohydrolases, namely, the particulate or tightly mem¬ 
brane-bound enzyme, and the soluble or loosely membrane- 
bound enzyme. The existence and properties of the particu¬ 
late PA-phosphohydrolase in the microsomal, mitochondrial 
and liposomal fractions of various animal tissues have been 
studied extensively. The activity of this enzyme has been 
detected in mammalian liver (120, 136, 137, 163), brain tis¬ 
sues (1, 59, 111, 143), kidney (27, 23), intestinal mucosa 
(19, 27, 62, 74), and adipose tissue (63, 69, 146). Its 
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occurrence in erythrocyte membrane (57, 5&) and avian salt 
gland (56) was also reported* 
2. Nature and Properties of the Enzyme. The lipo¬ 
protein nature of this enzyme was suggested by the findings 
of Agranoff (1) and Coleman and Hubscher (27). They found 
that the enzyme activity was greatly diminished by treat¬ 
ment with n-octanol or n-butanol. This deactivation could 
be overcome by the addition of a lipid preparation (28), 
Coleman et. al. (27) observed that the enzyme v/as inhibited 
by ^-chloromercuribenzoate, and inhibition v/as reversed by 
excess glutathione indicating that the -SH groups are 
essential for its activity* 
The substrate specificity of this enzyme was also 
studied by these workers. Based on the observations that 
sn-glycerol-3-phosphate and glycerophosphatide with mono¬ 
esters of phosphoric acid linked to inositol were not hy¬ 
drolyzed, these investigators concluded that the free hy¬ 
droxyl groups of glycerol had to be esterified before the 
phosphatidic acid ester bond could be cleaved by this enzyme. 
Furthermore, the monoester bond of phosphoric acid must be 
near the diglyceride moiety of the molecule and probably 
directly esterified with it if hydrolysis was to take place. 
It was also reported that when the phosphoric acid was 
further substituted, negligible hydrolysis of the bond was 
observed. Similar observations have been made by Johnston 
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et. al. (74) and by Agranoff (1)* It was also suggested 
that the chain length and degree of saturation of the 
substituting fatty acids might influence the rate of the 
reaction. Whether this is due to the solubility of the 
substrate or due to the enzyme specificity was not ex¬ 
plained. 
The optimal pH reported was generally in the range of 
6 and 7 (1, 27, 136). Increased enzyme activity at pH £.1, 
however, has been observed (1). This increase in activity, 
however, was thought to be due to the increased solubility 
of the substrate. 
The effects of certain detergents on the enzyme activ¬ 
ity have been studied by various workers. Coleman and 
Hubscher (27) found that strong inhibition was exerted by 
sodium dodecylsulfate, Cetarlon, Teepol, Tween-20, deoxy- 
cholate and cholate. Similar results were reported by 
Sedgwick and Hubscher (136). However, the latter authors 
observed that although the nonionic detergent Tween-20 
inhibited the enzyme slightly at low concentration, it 
stimulated the activity considerably when high concentra¬ 
tion was employed. A strong inhibitory effect of high 
concentration of Tween-20, on the other hand, was shown by 
Brindley and Hubscher (19). 
The reported effects of monovalent, divalent metal ions 
as well as that of fluoride ion on the enzyme activity were 
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observed to be quite variable. Agranoff (1) working with 
phosphatidate phosphohydrolase of brain homogenate, showed 
that NaF, reportedly a strong inhibitor (27, 53, 137), was 
ineffective against this enzyme. KC1 and NaCl were also 
found to have no effect in altering the enzyme activity. 
Others, however, have reported stimulatory effects (136) 
as well as inhibitory effects (57, 5#) upon the enzyme. 
Similar discrepancies were .noted when the divalent metal 
ions were tested (27, 136). 
Magnesium was generally found to be inhibitory to the 
phosphatidate phosphohydrolase (1, 16, 23, 141, 143)♦ 
Sedgwick and Hubscher (136, 137), however, showed that Mg2* 
markedly stimulated the enzyme activity at low concentra¬ 
tions, although strong inhibition was observed at high 
concentrations. 
Working with erythrocyte membrane, Hokin et. al. 
(57, 53) reported the presence of two types of phosphati- 
2+ 
date phosphohydrolase activity; one was Mg -independent 
while the other Mg2*.dependent. 
Recently, Jamdar and Fallon (68) observed that in the 
presence of Mg2*, adipose tissue microsomes were more active 
than cytosol in utilizing membrane-bound PA to form 1,2-DG. 
In a subsequent investigation (69), the properties and sub- 
cellular distribution of the PA-phosphohydrolase were stud¬ 
ied. Its activity was assayed with both aqueous and membrane 
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bound phosphatidate. When aqueous PA was used as the sub¬ 
strate, its activity was detected in mitochondrial, micro¬ 
somal, and soluble fractions. While the effect of Mg2+ was 
tested, it was found that it was inhibitory at high con¬ 
centrations, at low concentrations, however, Mg2+ stimu¬ 
lated activity in the microsomes and the soluble fraction. 
No activity was demonstrated with membrane-found substrate 
in the absence of Mg2+, but in the presence of Mg2+, the 
enzyme from soluble and microsomal systems was found to be 
active against this substrate. Thus, the veracity of the 
presence of two types of PA-phosphohydrolase seems to be 
palatable. 
3. Soluble Phosphatidate Phosphohydrolase. It was 
generally believed that the phosphatidate phosphohydrolase 
activity was localized in the subcellular particulate frac¬ 
tions. Using aqueous phosphatade dispersion, only about 10$ 
of the enzyme activity was found in the particle-free super¬ 
natant. It v/as not until 1967 that the presence of the 
soluble phosphatidate phosphohydrolase was demonstrated. 
In 1957> Stein and Shapiro (143) observed that the bio- 
% 
synthesis of neutral glycerides via the sn-glycerol 3-pkos- 
phate pathway in the mitochondrial fraction of rat liver 
homogenates was greatly stimulated by a supernatant fraction. 
These experiments have since been confirmed and extended in 
several laboratories (19, 20, 31» 62, 72, 133> 139, 140, 151)• 
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Stein et. al. (144) discovered that the active prin¬ 
ciples in the particle-free supernatant consisted of two 
factors, one was heat-stable and the other heat-labile. 
They further showed that the heat-stable factor could be 
partly extracted with ethanol-ether. The heat-labile factor 
was shown through later investigations performed by various 
workers to consist of several components. 
Brindley, Sedgwick and Hubscher (20) presented evidence 
indicating that the heat-stable factor in the supernatant 
was unsaturated fatty acids. Using rat liver mitochondria 
or microsomal fraction of cat intestinal mucosa, they found 
that the biosynthesis of glycerides was stimulated by the 
addition of unsaturated long chain fatty acids, especially 
linoleate and linolenate. 
To prove that the stimulatory effect of the supernatant 
was at least partly due to the presence of unsaturated fatty 
acids, they removed the free fatty acids from (NH/^SO^- pre¬ 
cipitated particle-free supernatant by acetone treatment. 
The acetone treated (NH^JgSO^- precipitate particle-free 
supernatant was found to give a lower stimulation than did 
the original preparation. This loss in stimulating activity 
was shown to be completely restored by adding The 
free fatty acid composition of the supernatant was also 
analyzed. The data showed that 43$ of the free fatty acid 
consisted of unsaturated C^g acids. Although it was noted 
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that the stimulating effect of unsaturated fatty acids was 
small in comparison to that of the whole supernatant frac¬ 
tion, the participation of fatty acids in the active princi¬ 
ple was evident* 
The heat-labile factor was found to be inactivated 
after heating at 70C for 3 minutes. It was found to travel 
as a relatively sharp band with the protein front on a 
column of Sephadex G-200, indicating a molecular weight of 
200,000 or more by Smith and Hubscher (139). These authors 
were also able to effect a 3 to 6 fold purification by pre¬ 
cipitating the stimulating factor with ammonium sulfate. 
The precipitate was found to be destroyed by treatment with 
papain, indicating the protein nature of this factor. 
Glyceride biosynthesis has been shown to be activated 
by the addition of albumin and/or lipoproteins (31, 63, 139, 
151)* It was also reported that the stimulatory effect of 
lipoproteins diminished when they were defatted (151). In 
view of the stimulating effect of unsaturated fatty acids, 
it is possible that the presence of such fatty acids was, 
at least, part of the cause of the lipoprotein stimulation. 
Palmityl CoA or palmitate were generally used in the 
glyceride biosynthesis experiments. It is known that 
palmityl CoA and free fatty acids are inhibitory to various 
enzyme systems (142, 149) and that such an inhibitory effect 
can be alleviated by the addition of albumin. It is possible 
that the heat-labile factor in the supernatant exerts its 
effects similar to that of albumin and/or various lipopro¬ 
teins. However, the much greater activity of the super¬ 
natant fraction, together with the fact that it was in¬ 
effective when glyceride biosynthesis was operating via the 
monoglyceride pathway, make it seem unlikely that the stim¬ 
ulation can be ascribed to a non-specific protein. 
Evidence indicating that the stimulating effect of the 
supernatant fraction upon the biosynthesis of triglyceride 
via the sn-glycerol-3-phosphate pathway was due mainly to 
the presence of L- oL-phosphatidate phosphohydrolase was 
first presented by Johnston and co-workers (72) and Smith 
and associates (140). These workers found that in the ab¬ 
sence of the supernatant fraction, phosphatidic acid was 
the main product synthesized by the microsomal and mito¬ 
chondrial particulate enzymes. Triglyceride synthesis was 
greatly stimulated by the addition of the particle-free 
fraction. The increase in TG production was paralleled by 
a decrease in phosphatidic acids. Furthermore, the total 
incorporation of radioactive substrates under the stimulated 
or unstimulated conditions was found to be nearly at an 
identical level varying only in the distribution of labeled 
substrate between phosphatidic acids and triglycerides. 
The authors concluded that the stimulating effect was local¬ 
ized in the biosynthetic steps following phosphatidic acid 
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formation* The main function of the supernatant therefore 
appears to be to supply the enzyme L- Ot-phosphatidate phos- 
phohydrolase for the conversion of phosphatidic acids to 
1,2-diacyl-sn-glycerol which in turn serves as a precur¬ 
sors of triglycerides and possibly phospholipids* 
It has been shown that the soluble enzyme was effective 
in hydrolyzing the membrane-bound biosynthetically-produced 
phosphatidates but not the aqueous dispersion of phosphati- 
dates, while the particulate phosphatidate phosphohydrolase 
was active against the soluble PA only (72, 140). Recent 
findings (69) indicate that the enzyme activity could be de¬ 
tected in the mitochondria and in the microsomes as well as 
in the soluble fraction when aqueous PA was used as the 
substrate* Furthermore, the rate of utilization of aqueous 
PA was found to be always higher than that of membrane-bound 
substrate* 
4. Functions of Phosphatidate Phosphohydrolase* Al¬ 
though the role of the particulate phosphatidate phospho¬ 
hydrolase in lipid biosynthesis has been suggested (27, 62, 
141, 143, 144 , 143, 160), Y/ilgram and Kennedy (163) reporting 
on studies of the subcellular distribution of this enzyme, 
reported that its location was very different from that of 
diglyceride acyltransferase and choline-phosphotransferase 
which catalyze the reactions that utilize the products of 
the phosphohydrolase reaction. Its occurrence in the 
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sub-cellular fractions devoid of other o£-GP enzyme activi¬ 
ties was also reported by Brindley and Hubscher (19). It 
is thus possible that the soluble enzyme is the one in¬ 
volved in lipid biosynthesis while the particulate enzyme 
is engaged in other functions. 
The involvement of the particulate phosphatidate phos- 
phohydrolase in the active transport of sodium and potassium 
has been suggested by various investigators. Coleman and 
Hubscher (27) studied the distribution of this enzyme in the 
liver, kidney, brain, and intestinal mucosa of the ox, pig, 
rabbit, guinea pig, and rat. They found that the specific 
activity of the enzyme was higher in kidney and intestinal 
mucosa than in the brain and liver. Since these two organs 
are known to engage actively in transport, such a finding is 
consistant with the suggested role of this enzyme in active 
transport. Hokin and Hokin (56) reported that the incuba¬ 
tion of slices of salt gland of the albatross in a system 
where Na4 + K4 transport was enhanced showed increased in¬ 
corporation rates of ^2p into phosphatidic acid and ^2p and 
inositol-2-^H into phosphoinositide. A scheme, termed the 
phosphatidic acid cycle, in which sodium transport is 
coupled to the renewal of phosphate in PA was proposed. The 
reported occurrence of PA-phosphohydrolase in liver cell sur¬ 
face membrane (25) and erythrocyte membrane (57> 5$) as well 
as that of high (Na4 -K4)- coupled ATPase activities in a 
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purified surface membrane preparation (36) tend to support 
this view. 
The hydrolysis of a number of mono alkyl phosphates 
(1, 37), l,3-diacylglycerol-2-phosphate (5&), and lysophos- 
phohydrolase activity have been reported in a number of 
systems. It is possible that phosphate compounds with 
lipid-like properties could act equally well as substrate 
for PA-phosphohydrolase and could be used in the metabolism 
of the molecules which compose the surface of the cell. 
The possibility that the particulate enzyme is involved in 
the synthesis-resynthesis of membrane phospholipids in 
growth also cannot be ignored. However, the nature of the 
true functions and true substrates of this enzyme needs 
further investigations. 
Observing the different distributions and fluctuations 
of the activity of phosphatidate phosphohydrolase in various 
neural tissues, McCaman et. al. (Ill) speculated that such 
variations might be due to a feedback mechanism responsive 
to the glycerophosphatide content of the tissues involved. 
Recently, Vavrecka, Mitchell, and Hubscher (156) presented 
evidence indicating that the phosphatidate phosphohydrolase 
enzyme may be rate-limiting in the biosynthesis of glycerides 
via the sn-glycerol-3-phosphate pathway. A significant in¬ 
crease in its activity upon starvation and decrease again 
after refeeding were also shown. It thus seems feasible 
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that this enzyme may have a regulatory function in TG syn¬ 
thesis. The validity of such assumptions awaits substan¬ 
tiation and the mechanism of regulation requires further 
studies. 
IV. Role of Diglyceride in Lipid Metabolism 
1. In Vivo and in Vitro Evidence Indicating 1,2-dia- 
cyl-sn-glycerol as a Direct Precursor for Tri-glyceride 
Formation. Kinsella (&6) in a study of the incorpora- 
i 
ation of ^^C-glycerol into lipids by dispersed bovine 
mammary cells found that the -^C^-glycerol present in the 
culture medium was actively absorbed and metabolized by 
by these cells. When the percentage of distribution of 
radio activity among the lipids was studied, the specific 
activity time curves tentatively indicated that the tri¬ 
glycerides were derived from the 1,2-diacyl-sn-glycerols. 
In vitro evidence indicating that the final step in 
the biosynthesis of triglycerides in liver is the esterifi¬ 
cation of 1,2-diglycerides by activated fatty acids has 
been provided by Weiss and Kennedy (15$). Data in agreement 
with these findings have been presented by various inves¬ 
tigators (143, 144, 156, 159). A precursor role for DG in 
TG formation in homogenates of rat epididymal fat pads was 
suggested by Steinberg, Vaughan, and Margolis (146). 
Fatty acylCoA:diglyceride acyltransferase activity was 
33 
detected in particulate fractions of cell-free preparation 
of E. coli (117). The subcellular distribution of this 
enzyme in animal tissues has been studied by a number of 
researchers, Wilgram and Kennedy (163) studying the in¬ 
tracellular distribution of several lipid synthesizing en¬ 
zymes in rat liver reported that the activity of DG-acyl- 
transferase was confined to the microsomal fraction. These 
findings were also corroborated by Stein et. al. (143). 
Brindley and co-workers (20) and Johnston and colleagues (72). 
Using ^C-palmitylCoA and 1,2-diglyceride as sub¬ 
strates, Smith and Hubscher (139) detected DG-acyltrans- 
ferase activity in a mitochondrial preparation from rat 
liver. Stein, Tietz, and Shapiro (144) reported similar re¬ 
sults. These authors also provided evidence that the pro¬ 
portion of lower glycerides to triglycerides was much higher 
in the microsomes than in the mitochondria, and upon the ad¬ 
dition of mitochondria to the microsomal system, a shift of 
the lower glycerides to triglycerides was observed. 
2. The Specificity of the Esterification of 1,2-diacyl- 
% 
sn-glycerol. There are three generally accepted hy¬ 
potheses concerning the fatty acid positional distribution 
within the triglyceride molecules of natural fats: 1. the 
random distribution, 2. . the restricted random, or 1,3-random, 
2-random, and 3. the stereospecific distribution hypotheses. 
It has been found that certain catagories of fatty acids 
34 
do tend to concentrate at a certain position of the glycerol 
molecules in the natural fats.. For example, in terrestrial 
animal fats, the C^, C2> and C3 of the glycerol molecule 
are occupied predominantly by saturated, monoenoic, and 
polyenoic acids, respectively. In marine animals and fish, 
long-chain polyunsaturated fatty acids tend to concentrate 
at carbon number two. Short chain fatty acids are generally 
more often found to accumulate at the 3-position of the 
glyceride. .Examples of such analyses are the studies of 
Hanahan et. al. (52), Mattson and Beck (104), and Youngs 
(165) on animal fats, and Walker et. al. (157) on the lipids 
of microorganisms. 
Some evidence has been presented that the stereospe¬ 
cific distribution of fatty acids on the triglyceride 
molecules may be due to the selectivity of the DG-acyl- 
transferase. 
Goldman and Vagelos (42) studying the esterfication of 
DG to TG in the particulate enzyme system obtained from 
chicken adipose tissue, have found that DG with at least one 
unsaturated fatty acid was more reactive, in general, than 
saturated diglycerides as a substrate. When the reactivity 
of various DG was compared, these authors reported that DG 
containing myristate were more active than those containing 
palmitate, which in turn were more reactive than those con¬ 
taining stearate. 
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3. 1,3- or 1»2-diacyl-sn-glvcerol as the Active Sub¬ 
strate in TG Formation. Clark and Hubscher (25) re¬ 
ported that with enzyme preparations from intestinal mucosa, 
1,3-disterarin stimulated the incorporation of l^C-palmitate 
into TG nearly as well as 1,2-dipalmitin did, suggesting 
that the esterification is not specific for either the 2- 
or 3-hydroxyl group of the glycerol molecule. 
Brown and Johnston (21) using doubly labeled mono- 
palmitin demonstrated the utilization of intact 1-mono- 
palmitin by intestinal mucusal enzymes in TG synthesis. 
They further reported that the first acylation occurred at 
the corresponding primary hydroxyl group forming the 1,3-DG. 
Evidence indicating that the-1,3-DG was the active substrate 
r\ 
v5 
in TB biosynthesis was further provided by showing its 
accumulation in the system when fatty acids become a limit¬ 
ing factor. 
It has been found, however, that generally the 1,2-DGs 
are more commonly used as substrates for the formation of 
TG in other animal tissues (72, 139, 143> 15&» 163)* Data 
indicating that 1,3-diglyceride was unreactive whereas all 
1,2-diglycerides tested were reactive in the biosynthesis of 
TG in chicken adipose tissue were presented by Goldman and 
Vagelos (42). 
It is well established that the predominant pathway for 
TG formation in the intestinal mucosa is the monoglyceride 
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pathway. Whether such a discrepancy regarding the precursor 
role of 1,2- and 1,3-DG in the biosynthesis of triglycerides 
is due to the presence of different enzyme systems awaits 
further elucidation, 
4* Di^lycerides and Phospholipid Biosynthesis, Weiss 
and Kennedy (15#) evolved the concept that neutral glycer¬ 
ides and phospholipids are formed by a similar system pro¬ 
ceeding via glycerol phosphates and phosphatidic acid by 
the following reaction steps: 
a, sn-glycerol 3-phosphate + 2 palmitylCoA —- PA 
b, PA -*> DG 4* ?± 
c. DG + PalmitylCoA TG 
d. DG + phosphorylcholine -*» choline-phospholipid 
Net synthesis of lecithin was demonstrated when iso¬ 
lated mitochondria from chicken liver were incubated with 
CDP-choline and 1,2-diglyceride (160). Similar results 
have been reported when chicken liver and various tissues 
of rat (141) and rat brain dispersions (14#) were used as 
the enzyme source, Gurr, Brindley, and Hubscher (45) 
demonstrated the occurrence of CDP-choline: 1,2-diglyceride 
cholinephosphotransferase in the intestinal mucosa of the 
cat, guinea pig, and rabbit. The characteristics of the 
enzyme with respect to substrate concentration, pH optimum, 
Mg requirement, inhibition by Tween-20, and stability to 
freezing and thawing were studied. 
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Although it is well established that the lecithin for¬ 
mation in animal tissues is by the condensation of CDP- 
choline with a diglyceride, it has been found that certain 
phospholipids in cell-free extracts of E. coli are derived 
from CDP-DG and activated bases (75). When phosphatidates 
and cytidine-5-^H-5</-triphosphate were incubated with the 
cell-free system of mycobacteria, labeled CDP-DG was iso¬ 
lated (Walker, unpublished data). However, whether CDP-DG 
serves as precursor for the biosynthesis of phospholipids 
in these organisms or whether the true precursors are 
CDP-bases and DG, as is the case in the animal tissues, 
awaits further investigation. 
In 1959, Hokin and Hokin (59) discovered a different 
pathway for phosphatidic acid snythesis. Diglyceride was 
found to be phosphorylated by ATP by brain microsomes and 
deoxycholate extracts of microsomes. The enzyme which cata¬ 
lyzes this reaction has been termed DG-kinase, Activity of 
this enzyme was also detected in bacterial cells by Pieringer 
and Kunnes (11$), and by Chang and Kennedy (23). 
2+ 
It was reported that Mg as well as the detergent 
Cutscum were required for the activity of the DG-kinase, 
and that it was stable for 3 minutes in a boiling water 
bath (11$). The high degree of stereospecificity of this 
enzyme in the phosphorylation of DG was described (23), and 
the substrate specificity has been suggested. 
The function of DG-kinase is not clear, Pieringer 
et> al, (117) suggested that its role may possibly be to 
scavenge glycerides formed by degradative processes, con¬ 
verting them back to phospholipids, Hokin and Hokin (56, 
59) presented evidence indicating that sodium transport is 
coupled to the renewal of phosphate in PA and that this 
renewal is catalyzed by the combined action of DG-kinase 
and PA-phosphohydrolase. This view was supported in fur¬ 
ther studies by Hokin, Hokin, and Mathison (5$). 
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MATERIALS AND METHODS 
1. Organism. Mycobacterium smegmatis ATCC strain 
19420 was grown in 2.$ liters Fernback flasks containing 
1 liter of modified Youman's medium containing either 2% 
glucose or 4$ glycerol (157)* The culture was incubated 
at 27C for two to four days (referred to as young and old 
cells, respectively) on a rotary shaker. The cells were 
harvested by centrifugation before used. 
2. Media. 
a. Modified Youmanfs glycerol medium. The composi¬ 
tion of this medium is: 
Per liter 
5*0 g 
40.0 g 
3.0 g 
2.5 g 
0.05 g 
Glycerol 
Asparagine 
Sodium Citrate 
Ferric Ammonium Citrate 
0.5 g Magnesium sulfate was added after the pH of 
the above mixture was adjusted to 7.0. 
b. Modified YoumanTs glucose medium. The basic 
formula of this medium is the same as that of the 
glycerol medium except that glycerol was replaced 
by 2% glucose. 
40 
The glucose was sterilized and added separately to 
each flask prior to the inoculation of the organism. 
3♦ Materials. ^C-oleate, ^C-glycerol, and other 
radioisotopes used in this study were purchased from Applied 
Science, Amersham-Searle, ICN, or Tracer Laboratories. 
Chromatographically pure *Vl ^C- oi-glycerophosphate was 
prepared in our laboratory. Other reagent grade compounds 
were purchased from Calbiochem, Fisher, or P-L Laboratories. 
Analytical grade aldolase (12 E.U./mg Protein), Triophos- 
phate isomerase (3,100 E.U./mg Protein), Glycerokinase 
(90 E.U./mg Protein^cX-glycerophosphate dehydrogenase 
(134 E.U./mg Protein) and Glyceraldehyde dehydrogenase 
(Si E.U./mg Protein) were purchased from Sigma Chemical 
Company. 
4* Preparation of Cell-Free Extracts. 
a. Total Cell-Free Extract. Cells of desired 
phase of growth were harvested by centrifugation 
at 12,000 xg for 15 minutes. After washing in 
0.05M Tris (Hydroxymethyl) Aminomethane*HCl 
(Tris*HCl) buffer pH 7.5 (containing 10~3m 
dithiothreitol, DTT), cells were disrupted by two 
passages at 20,000 psi through a French pressure 
cell (American Instrument Company, Silver Springs, 
Maryland). Cell debris and unbroken cells were 
removed by centrifuging at 6,000 xg for 15 minutes. 
The supernatant fraction thus recovered was referred 
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to as the total Cell-Free Extract (CFE)♦ 
b. Fractionation of the Total Cell-Free Extract 
into cytosol and membrane fractions. The cytosol 
and membrane fractions were obtained by centri¬ 
fuging the total Cell-Free Extract at 37>000 xg for 
1 hour. The pellet (membrane) fraction was resus¬ 
pended in 0.05 M Tris*HCl buffer pH 7.5 containing 
10“3m DTT (unwashed pellet). In some experiments, 
the pellet fraction was washed once with 10-15 
volumes of the above buffer, recovered by centri¬ 
fugation at 37>000 xg for 40 minutes prior to use 
(washed pellet). 
c. Ammonium Sulfate Salt Fractionations. In some 
cases, the supernatant (cytosol) proteins were 
further separated into various fractions by making 
the supernatant to 0-20%, 20-40%, 40-60%, and 
60-100% saturation with ammonium sulfate. The de¬ 
sired amount of the salt was added to the super¬ 
natant fraction slowly with stirring. After all of 
the salt had dissolved, the solution was placed at 
4C and allowed to stand for half an hour. The pre¬ 
cipitated proteins were collected by centrifuging 
at 10,000 xg for 15 minutes. 
In certain experiments, the nucleoproteins in 
the supernatant fraction were removed with MnSO^ 
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prior to the ammonium sulfate fractionation. The 
supernatant was made 0.0235 M with respect to 
MnSO^ and allowed to stand at 4C overnight. The 
supernatant solution obtained by centrifuging at 
30,000 xg for half an hour was referred to as the 
"nucleoprotein-free supernatantM fraction and was 
used for ammonium sulfate fractionation, 
d. Ultrafiltration. The supernatant (cytosol) 
proteins of different range of molecular weights 
were separated from each other by ultrafiltration 
with a Stirred Ultrafiltration cell (Amicon Cor¬ 
poration, Lexington, Mass.) using various Diaflo 
membranes (xM300, xMlOOA, and xM50). The flow 
rate and other conditions used were as recommended 
by the manufacturer. 
5. Protein Determination. The protein concentrations 
of the Cell-Free Extracts were determined by one of the 
following methods. Bovine serum albumin (BSA) was used to 
obtain the standard curve for these processes. 
a. Biuret Method (132). The biuret reagent was 
prepared by making 1.5g CUSO4.5H2O, 6.0g NaKC^H^O^ 
and 10yo carbonate free NaOH into one liter solution. 
One ml of the sample was mixed with four ml 
biuret reagent. After standing at room tempera¬ 
ture for 30 minutes, the optical density of the 
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mixture was determined at 550 run with a Spec- 
tronic 20 with BL cells (Ca.1.1 cm path). 
The protein content of the sample was deter¬ 
mined by comparing its O.B. with that of the 
standard curve. 
b. Modified Biuret Method. Pellet protein con¬ 
centration was determined by a modified biuret 
method. The membrane-bound protein was digested 
by mixing 2.5 ml sample with 1.25 ml 3 N NaOH and 
heating the mixture to boiling for 5 minutes. Af¬ 
ter cooling to room temperature, 1.25 ml of 2.5$ 
CuS0/f.5H20 was added to the mixture and allowed to 
stand for 5 minutes. The sample was then centri¬ 
fugated and its optical density read at 555 nm in 
a Spectronic 20 with BL cells. 
c. Modified method of Lowry et. al. (101). The 
following reagents were prepared for protein deter¬ 
mination by this method. 
A) 2$ Na2C03 in 0.1 N NaOH 
B) 0.5$ CuS0^«5H20 in 1$ Na- or K - Tartrate 
C) Freshly mixed 50 ml A and 1 ml B prior to use. 
D) Diluted Folin (titrated Folin phenol reagent 
with NaOH to phenophthalein end point, diluted 
Folin about 2 x to make I N acid). 
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Protein in solution, 1 ml C v/as added to 
200pl of sample (containing 5-100 jig protein) in a 
3-10 ml test tube. After standing at room tempera¬ 
ture for 10 minutes, 100^1 D was added rapidly to 
the mixture and mixed in 1-2 seconds. The sample 
was allowed to stand at room temperature by an 
additional 30 minutes. The optical density of the 
mixture v/as then read at 750 nm (5-25 MS Pro¬ 
tein/ml) or at 500 nm (stronger solution). 
Pellet protein. Pellet protein was digested 
prior to its determination by the above procedure. 
To 5-100 MS precipitated protein, 0.1 ml I N NaOH 
v/as added. The mixture was then heated at 100C 
for 10 minutes. 
6. Enzyme Assays. 
a. Glycerol dehydrogenase. The NADP+ and NAD+ 
specific glycerol dehydrogenase were assayed 
according to the method of Goldman (43)* The 
assay mixture was as follows: 
2-amino-2-methyl-l,3-propanediol buffer mM 
(pH 9.1) 30 
Glycerol 200 
L-cysteine 5 
NADP+ or NAD+ 1 
0.5 to 2 mg of protein was added to the above 
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mixture. After incubating at 35C for 30 minutes, 
the absorbancy at 340 inn was measured. 
One unit of enzyme is defined as that amount 
of enzyme which catalyses the reduction of 
1.0 jmole °? NADP+ or NADt under the assay condi¬ 
tion. 
b. ol-glycerophosphate dehydrogenase. This en¬ 
zyme was assayed according to the method of 
Beisenhers, Bucher, and Garbade (14). The assay 
mixture for this enzyme is shown below: 
DPNH 1.35 x KT^ M 
Dihydroxyacetone phosphate 1.0 x 10~^ M 
Triethanolamine-HCl buffer (pH 7o5) 5*0 x 10~^ M 
The amount of DPNH stock solution required to 
give an absorbance of 0.75 at 366 mp in the assay 
mixture was determined by a preliminary experiment. 
The assay was started with this absorbance. After 
adding the enzyme preparation to the mixture, the 
reaction was allowed to proceed for 30 seconds. 
The time required for a change in absorbance of 0.1 
was then determined. 
One unit of enzyme is defined as follows: 
U = _100_ 
Seconds for change of absorbance of 0.1 
c. Aldolase. Aldolase was assayed by the method 
46 
described by Taylor (150)* 
Reagents: 
Fructose 1,6-diphosphate (FDP) 0.1 M 
Sodium Arsenate 0.17 M 
DPN 0.005 M 
0.27 M Glycine 
Cysteine 
D-glyceraldehyde-3-phosphate 
dehydrogenase 
0.1 M 
2.5 nig Prot./ml 
Into a spectrophotometer cuvette was placed 
0.5 ml of FDP, 0.3 ml of arsenate, 0.1 ml of DPN, 
0.3 ml of glycine, 0.6 ml of cysteine, 1.0 ml of 
H2O, and 0.1 ml of dehydrogenase. After incubating 
for 10 minutes, 0.1 ml of enzyme solution was added 
to the mixture and the optical density at 340 m/i 
was recorded at 30 second intervals. 
O.D in 1 rninute/6.22 x 10^ = Moles FDP trans¬ 
formed/minutes . 
Moles FDP/min. x 2 x 31 x 10^ = Mg P trans¬ 
formed/minutes. 
One unit of enzyme is defined as that amount 
which transformed 1 rag P in 1 minute, 
d. Triose phosphate isomerase. Triose phosphate 
isomerase was assayed according to the method de¬ 
scribed by Beisenherz (13)* 
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The assay mixture contained: 
DPNH x 10-5 m 
DL-glyceraldehyde-3-phosphate 3*0 x 10*4 m 
Triethanolamine-HCl buffer (pH 7.9) 2.0 x 10“2 M 
d-glycerophosphate dehydrogenase & jig/ml 
The reaction was started by adding the enzyme 
preparation to the mixture. After allowing the 
reaction to proceed for a short while, the time 
required for the absorbance to decrease by 0.1 at 
366 mu was recorded. 
One unit was defined with the same units as 
used for d-glycerophosphate dehydrogenase, 
e. Glycerol kinase. Glycerol kinase activity was 
demonstrated by incubating the enzyme preparation 
with 60 umoles of Tris»HCl buffer, pH £.7, 6 umoles 
of Mgcl2, 3 umoles of ATP, and 150 umoles of 
glycerol in a final volume of 3 ml. The incubation 
was carried out at 35C for 1 hour. The reaction 
was stopped by freezing. 
The amount of Od-glycerophosphate formed under 
the above conditions was assayed by the method of 
Hohorst (55 ) • 
Reagents: 
Hydrazine-glycine buffer (0.5M hydrazine; 1M 
glycine; pH 9.5) 
6 
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DPN Ca. 5 x 1CT2M ^3-DPN 
06-glycerophosphate dehydro¬ 
genase Ca. 6 mg Protein/ml 
To 0.5 ml of the incubation mixture, 0.45 ml 
of hydrazine-glycine buffer and 0.05 ml DPN solu¬ 
tion were added. After mixing, the mixture was 
allowed to stand and reach room temperature. The 
initial optical density, E, was read twice at an 
interval of 3 minutes at 340 m^i (1 cm light path), 
0.01 ml Q!-glycerophosphate dehydrogenase solution 
was then added to the mixture. Ten to twenty min¬ 
utes after the enzyme addition* the O.D. E2 was 
read twice at an interval of 3 minutes. 
The amount of Ct-glycerophosphate in the 
sample was calculated from the optical density 
difference, aE as follows: 
aE x F » ^imoles Of-GP/g Protein 
F = dil 
£ x d 
dil « total dilution of the sample 
£ = extinction coefficient (cm2/umole) 
d = light path (cm) 
To check if the various assay systems were 
working correctly, analytical grade enzymes pur¬ 
chased from commercial sources were used in place 
of the cell free preparations. 
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Zero time reaction as well as boiled enzymes 
were run as controls for the foregoing assay 
procedures, 
7. Glass Filter Paper Disk Assay, In testing the 
ability of the various fractions (Total Cell-Free Extract; 
Supernatant and Pellet fractions of the Cell-Free Extract, 
and the various fractions of ammonium sulfate precipitated 
supernatant proteins) to incorporate *^C-glycerol or 
^C- Cd-glycerophosphate into lipids, the Glass Filter Paper 
Disk method was used. The various fractions were incubated 
with the labeled substrates and other co-factors under the 
conditions tested (see Table 34)# At the end of incubation, 
100^1 of the mixture was dried on a Glass Filter Paper Disk 
with warm air for 15 seconds. Non-lipid materials were 
washed away with cold, Trichloroacetic acid (10^-15 seconds, 
5$-30 minutes, l$-2x, 10 minutes each). The disk was dried 
with hot air for 30 minutes prior to the measurement of 
radioactivity. 
&. Thin Layer Chromatography. Adsorbosil-1 (CaSO^ 
binder, Applied Science Laboratories, Inc., University Park, 
Pennsylvania) and Adsorbosil-3 (MgSLO^ binder, same source) 
were used for the isolation of neutral lipids and polar 
lipids, respectively. 
Plates were prepared by suspending the gel in water and 
spreading the slurry on 20 x 20 cm glass plates at a thick¬ 
ness of 0.05 mm. The plates were activated at 120C for 1^ 
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and stored in a dessicator. 
Sample and a standard were spotted about one inch from 
the bottom of the plate. For the separation of neutral 
lipids, the adsorbosil-1 plate was developed in hexane: 
ether: acetic acid (70: 30: 3 by vol.). Lipids were lo¬ 
cated by comparing with the standard after spraying the 
plate with rhodamine 6-G and viewed under ultra violet 
light. 
Polar lipids were separated on adsorbosil-3 plates 
which were developed first in ether. After the solvent had 
reached the top of the plate, the plate was taken out, 
dried, and redeveloped in chloroform: methanol: Formic 
acid: water (BO: 20: B: 0.3 by vol.). The solvent was 
allowed to travel up 4/5 of the plate. A standard was 
routinely spotted on one side of the plate and was sprayed 
with Vaskovsky and Kostetsky spray (154). Lipid corre¬ 
sponding to the standard were located under UV light after 
spraying with rhodamine 6-G. 
9. Experiment with Cell-Free Extracts. The various 
conditions and co-factors for the cell-free experiments 
were covered in Results. Experimental reactions were in- 
terruped by adding 2 volumes of chloroform: methanol (2:1) 
containing 0.6% 2 N HC1. Lipid materials were extracted 
twice with the same solvent system. After mixing and cen¬ 
trifugation, the lower layer containing the lipid materials 
was aspirated carefully to another tube. The combined 
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solvent was dried slowly under a stream of nitrogen, 
100 pi Folch solution containing standard markers (TG, DG, 
MG, PA) was added. Generally a 10 /il aliquot was taken 
for counting and 40 jul was spotted on thin layer chroma¬ 
tography plates. 
10. Measurement of Radioactivity. A 2-channel liquid 
scintillation counter (model 500D, Packard Institute Com¬ 
pany, Inc., LaGrange, Illinois) was used for the measure¬ 
ment of radioactivity. 
i 
The Glass Filter Paper Disk or the different lipid 
classes scraped from the TLC plates were placed in scin¬ 
tillation vials. Five-ten mis modified Bray^ (IS) solu¬ 
tion were added to the vial and mixed thoroughly. Samples 
were counted for 10 - 30 minutes. 
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RESULTS 
I* Enzyme Assays 
Logarithmic phase Mycobacterium smegmatis cells 
grown in modified Youman's glucose or glycerol medium were 
harvested and washed twice with 0.05M Tris buffer pH 7.5 
containing 10“3m Dithiothreitol. V/ashed cells were re¬ 
suspended in the same buffer system. Cell-Free Extract 
was prepared and fractionated into supernatant (cytosol) and 
pellet (membrane) fractions. Procedures for such processes 
are covered in Materials and Methods. 
The specific activities of a number of selected en¬ 
zymes of these preparations were tested according to scien¬ 
tifically accepted biochemical methods as described in 
Materials and Methods. Results are shown in Table 1. 
It is evident that activities of glycerol dehydro¬ 
genase, glycerol kinase, and aldolase are present in the 
supernatant fraction only. However, that of ct-glycero- 
phosphate dehydrogenase was detected in both the supernatant 
and pellet fractions, although the specific activity of this 
enzyme in the latter fraction was only about one half that 
of the supernatant fraction. 
The triose phosphate isomerase activity of both the 
supernatant and pellet fractions was also assayed. No 
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conclusive data could be obtained using the assay method of 
Beisenherz (13). Circumstantial evidence was obtained in 
some other experiments while assaying the aldolase enzyme 
that this enzyme was present in the supernatant fraction 
of both glucose and glycerol grown cells. Because of va¬ 
garies of the assay method, consistent unit measurements 
could not be obtained. 
When the specific activities of the selected enzymes 
in Cell-Free Extracts of glycerol grown cells were com- ' 
pared to those of the corresponding enzymes in preparation 
of glucose grown cells, no significant difference in 
glycerol dehydrogenase activity was observed. The NAD+- 
or NADP*«dependency of this enzyme was also tested. It was 
found that the enzyme could utilize NAD and NADP as hydro¬ 
gen-carrier to the same degree of efficiency. 
The activity of cx-glycerophosphate dehydrogenase was 
found to be nearly three times higher in glycerol cells 
than that in glucose cells. This is probably due to the 
fact that when glycerol is utilized as the main carbon 
source, a considerable amount of (^-glycerophosphate has to 
be oxidized to dihydroxyacetone phosphate to.enter the 
glycolytic pathway for energy production as well as for its 
metabolism into other materials necessary for the snythesis 
of cellular components. Higher specific enzymatic activity 
due to the adaptation to the availability of substrate was 
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also observed when aldolase and glycerol kinase in cells 
grown in the two different media were assayed. 
II. Incorporation of ^C-oleate into Lipids by Supernatant 
and Pellet Fractions of M. Smegmatis Cell-Free Extract. 
In preliminary studies it was found that the incorpor¬ 
ation of -^C-oleate into lipids by Cell-Free Extracts of 
M. smegmatis was enhanced by certain glycolytic products. 
In an attempt to elucidate the true effect of these com¬ 
pounds on lipid biosynthesis, a number of such substrates 
were incubated, together with other necessary co-factors 
for lipid formation, with total Cell-Free Extract, and with 
the 30,000 x g/l hour pellet and supernatant fractions pre¬ 
pared from Cell-Free Extract of M. smegmatis grown in modi¬ 
fied Youman^ glycerol or glucose medium. 
1. Effect of Triose Phosphates on Hc-oleate Incor¬ 
poration into Lipids by Total Cell-Free Extract and 
Supernatant Fraction of Cell-Free Extract. In the fol¬ 
lowing experiments, 4-6 mg of total Cell-Free Extract of 
supernatant protein, suspended in 0.05 M Tris buffer pH 7.5 
containing 10“3m DTT, was incubated with 100 jumoles of phos¬ 
phate buffer pH 7.551 5 mmoles each of ATP, Mg2f, NaF, 
mercaptoethanol, and 0.05 jamole of CoA in a total volume 
of 1 ml. The incorporation of l^C-oleate, and the effects 
of triose phosphates on its incorporation into lipids by the 
cell-free systems were studied. 
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A noticeable difference in the effect of glyceralde- 
hyde-3-phosphate was observed. There was no appreciable 
change in the incorporation of -^C-fatty acid into lipids 
by both the supernatant and total Cell-Free Extract from 
glucose cells when the preparation had been made to 5 mM 
with glyceraidehyde-3-phosphate (Table 2). On the other 
hand a considerable increase in the incorporation of labeled 
substrate into lipids was observed when supernatant fraction 
from glycerol grown cells was used. A substantial portion 
of the label was found to be present in the triglyceride 
fraction (Table 3)* 
On the other hand, when the effect of ctf-GP on lipid 
biosynthesis was examined, a similar enhancement in the in¬ 
corporation of -^C-oleate into polar lipids with a decrease 
in radioactivity in the triglyceride fraction was observed. 
A more prominent effect of this substrate with the super¬ 
natant fraction of glucose cells compared to the glycerol 
cells was observed. 
The differences observed between the effect of added 
glyceraldehyde-3-phosphate and Ct-glycerophosphate upon 
Cell-Free Extracts from glycerol and glucose grown cells 
may reflect the differences in the intracellular concentra¬ 
tions of these compounds. Experiments, reported later in 
this study, were performed in an attempt to resolve the na¬ 
ture of these differences. 
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2. Effect of Triose Phosphates on the Incorporation 
of l^C-oleate by the Lipids of Pellet Fractions of 
K. Smegmatis Cell-Free Extracts. Previous experiments 
have shown that certain enzymatic activities involved in 
lipid synthesis were not detected in the 39,000 xg pellet 
fraction of M. smegmatis Cell-Free Extract (Table 1). In 
order to determine if the pellet fraction could incorporate 
labeled fatty acids, this fraction was incubated with the 
necessary co-factors at 35C for one hour. The effects of 
various triophosphates, namely, 1,2- and 1,3-diphosphoglyc- 
erols, glyceraldehyde-3-phosphate, Q£-glycerophosphate, 
2-, 3-phosphoglycerate and 2,3-diphosphoglycerate, on ^C- 
oleate incorporation into lipids by the pellet fraction 
was also studied. 
With the exception of OL-glycerophosphate, all of the 
triose phosphates tested appeared to cause an enhancement 
of incorporation of labeled oleate by the lipids, particu¬ 
larly by the triglyceride fraction (Tables 4 to 6). 
Ct-glycerophosphate, on the other hand, stimulated incorpor 
ation only slightly cr not at all. With this compound, how 
ever, a marked shift in incorporation from the neutral 
lipids to the polar lipids was observed (Tables 4> 5 and 7) 
This shift has been shown to be due to the formation almost 
exclusively of phosphatidic acid in the polar fraction. 
In studying the effect of glyceraldehyde 3-phosphate 
on lipid formation in supernatant fraction of glucose and 
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glycerol grown M. smegmatis CellrFree Extract, a conflict¬ 
ing result was observed (Tables 2 and 3). In these exper¬ 
iments results clearly indicate that this compound, like 
the other glycolytic products, does stimulate fatty acid 
uptake into lipids. Scrutinizing the data closely reveals 
the fact that the stimulatory effect of all the triose 
phosphates is more marked in pellet fractions of Cell-Free 
Extracts of glycerol cells than in the same fractions of 
glucose cells. It is possible that the lack of effect of 
the added glyceraldehyde 3-phosphate in enhancing lipid 
synthesis in total Cell-Free Extract and in supernatant 
fraction of Cell-Free Extract of glucose grown cells was 
due to the presence of large amounts of endogenous gly¬ 
colytic products in these preparations. 
3. Effects of Various Possible Modulators of Lipid 
Synthesis on ^C-oleate Incorporation into Lipids by 
Washed 30«000 xg Pellet Fractions of M. Smegmatis 
Cell-Free Extracts. In an attempt to eliminate the 
possibility that the stimulatory effects observed in the 
above experiments were a result of contamination of the pel¬ 
let fraction by the supernatant enzymes, the pellet fraction 
was washed with a large volume of 0.05 M Tris buffer pH 7.5 
containing 10*“3m DTT and centrifuged again at 3#,000 xg for 
an hour. Pellet thus recovered was resuspended in the 
above buffer system. The ability of the washed pellet 
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fraction in synthesizing lipids as well as the effects of 
various possible effects on lipid synthesis was investi¬ 
gated. 
It was demonstrated that a considerable amount of 
labeled fatty acid was incorporated into lipids by the 
washed pellet fraction of M. smegmatis Cell-Free Extracts. 
Most of the label (over #0% of -^C-oleate incorporated) 
was found in triglycerides (Table#). Evidence is thus pre 
sented that ,if TG are formed by esterifying fatty acyl 
groups to a preformed acceptor (such as DG or DG deriva¬ 
tives) in the Cell-Free Extract, such an endogenous ac¬ 
ceptor is present in the pellet fraction. However, if TG 
are synthesized de novo from OC-GP or other precursors, 
the enzyme system as well as the precursor can be found in 
this fraction. 
The data presented in Table $ also indicate the abil¬ 
ity of 2,3-diphosphoglycerate, cutscum, and EDTA to stimu¬ 
late lipid biosynthesis. Although these compounds all en¬ 
hance fatty acid incorporation, their modes of action are 
conceivably quite different from each other. 
Evidence has been presented that there was a gradual 
increase of 1/fC-oleate incorporation into lipids when 1 to 
5 mM of 2,3-diphosphoglycerate was added to the incubation 
mixture. A change in the distribution of radioactivity un 
der the above conditions was also observed. At low concen 
trations of this compound, stimulation of incorporation of 
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labeled substrate into TG was observed with a concomitant 
decrease of labeling in polar lipids. When the concentra¬ 
tions of 2,3-DPGA was increased, however, a gradual shift 
of incorporation from TG to polar lipids was evident. 
These observations might suggest that this compound, at low 
concentrations, stimulated the activity of PA-phosphohydro- 
lase and DG-acyltransferase, at higher concentrations, how¬ 
ever, an inhibitory effect was observed. At all of the 
concentrations tested, meanwhile, the activity of the 
CX-GP-acyltransferases was increased. 
It may also be seen that there was a difference in the 
total amount of lipid synthesized as well as in the distri¬ 
bution of radioactivity in the various lipids when cutscum, 
CTP, or EDTA was included in the incubation mixture. The 
effects of CTP and EDTA were further investigated. 
Results in Table 9 show that CTP up to a concentration 
of 1 mM enhanced the incorporation of l^c-oleate into lipids. 
All of the increased label incorporated was recovered in the 
polar lipid fractions while the amount of labeled fatty acid 
incorporated into neutral lipids was not altered. At higher 
concentrations of CTP (5 and- 10 mM), however, a total de¬ 
crease in incorporation was observed. 
The observation that the incorporation of l^C-oleate 
into lipids by the pellet fraction of M. smegmatis Cell-Free 
Extract was stimulated by the addition of EDTA to the incu¬ 
bation mixture led to a further study of the effects of this 
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compound* Results shown in Tables 10 and 11 demonstrate 
that when EDTA or KF was included in the incubation system 
where TriS'HCl buffer was used a change in the percent dis¬ 
tribution of radioactivity among the various lipids oc¬ 
curred compared to parallel studies where potassium phos¬ 
phate buffer was used. It is thus evident that the changes 
observed when EDTA \^ras added were not due to the effect of 
this compound per se, but to that of the Na+ or K+ ions. 
Evidence was presented earlier that the incorporation 
of labeled fatty acid into TG was enhanced by glycolytic 
products. Results in Table 11 indicate that the degree of 
stimulation of incorporation by glyceraldehyde 3-phosphate 
and dihydroxyacetone phosphate was similar, however, a much 
greater stimulation effect was seen with 2,3-diphospho- 
glycerate. The greater stimulatory effect of the latter 
compound suggests that possibly the mode of action of these 
glycolytic intermediates might be due to an indirect effect, 
by generation of ATP, rather than by some direct action of 
these compounds upon the various enzymes. 
4. Effect of Triose Phosphates on -^C-oleate Incorpor¬ 
ation into Lipids by Supernatant and Pellet Fractions 
of Old M. Smegmatis Cell-Free Extract. Cell-Free Ex¬ 
tracts were prepared from late logarithmic phase glucose 
and glycerol cells. The effects of certain triose phos¬ 
phates on lipid synthesis were studied. Results are pre¬ 
sented in Tables 12 and 13. 
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In these experiments it was shown that no appreciable 
difference in the distribution of labeling was found to 
occur with (y-glycerophcsphate when Cell-Free Extracts from 
either old or young cells was used. On the other hand, 
contrary to the case found with young cells, the various 
glycolytic products were inactive with Cell-Free Extracts 
from older cells. 
It is unlikely that the ineffectiveness of the glyco¬ 
lytic products in the old cell preparations was due to a 
change of enzyme profile in these fractions. It is possible 
that the inability of these added compounds to stimulate 
lipid synthesis was due to a large intracellular pool of 
these substrates already present in the cells as a result 
of a lowered metabolic rate in the older cells. 
III. Glycolytic Products as Possible Direct Acyl Acceptors 
for Triglycerides Synthesis. 
In mammalian systems it has been shown that dihydroxy- 
acetone phosphate may act as an acyl group acceptor. This 
alternate pathway may eventually terminate in TG biosyn¬ 
thesis. In this study experiments were performed to deter¬ 
mine if dihydroxyacetone phosphate and some of the other 
glycolytic products, which showed stimulatory activity, 
acted as acyl group acceptors. 
Experiments with labeled glucose (Table 14)* Fructose 
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1,6-diphosphate (Table 15), and 3-phosphoglycerate (Table 
16 and 17) showed no appreciable incorporation of radio¬ 
activity into neutral lipids, phosphatidic acid, or phos¬ 
pholipids, These experiments show the inability of glyco¬ 
lytic products to serve as direct substrates in lipid 
synthesis. 
IV. Incorporation of 14-C-glycerophosphate into Lipids by 
Supernatant and Pellet Fractions Prepared From M. 
Smegmatis Cell-Free Extracts. 
When using ^C-oleic acid as a tracer in lipid biosyn¬ 
thesis studies, some anomalous conclusions may be drawn 
because several mechanisms may be occurring simultaneously. 
1. de novo synthesis by direct acylation of 
(X-glycerophosphate 
2. acylation of an endogenous acceptor lipid such 
as diglyceride or its derivatives 
3. exchange of fatty acids by endogenous lipids 
In an attempt to eliminate or reduce the other pos¬ 
sible interferring factors in studying de novo lipid syn¬ 
thesis, ^C-glycerophosphate and Hc-glycerol xvere used as 
markers in the following experiments. 
A comparison of the abilities of supernatant, pellet, 
and ammonium sulfate precipitated supernatant protein 
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fractions of glycerol and glucose grown M. smegmatis Cell- 
Free Extracts to incorporate l^C-ctf-GP into lipids is 
shown in Table 1&. Radioactivity in lipids was recovered 
by the glass filter paper method (see Materials and 
Methods). 
These results indicate that pellet fractions prepared 
from Cell-Free Extract of glucose grown M. smegmatis cells 
was more efficient in incorporating -^C~CX-GP into lipids 
than pellet fractions from glycerol grown cells. However, 
when the abilities of supernatant Cell-Free Extract frac- 
* 
tions from glucose and glycerol cells to incorporate the 
labeled substrate were compared, no significant difference 
was detected. Such an observation is consistent with that 
found when ^^C-oleate was used as a marker (Tables 12 
and 13) * 
The effect of the pH of the incubation mixture on the 
incorporation of l^C-Oi-GP into lipids was also studied. 
It may be seen that when compared to pH 7.5 > the radio¬ 
activity incorporated into lipids by pellet fractions at 
pH $.6 was lower while the label in lipids synthesised by 
supernatant fractions and by supernatant fractions plus pel¬ 
let fractions was greatly increased. High pH slightly 
favors lipid formation by supernatant proteins precipitated 
with 0-20$ saturation ammonium sulfate. 
The mechanisms involved in the observed pH effect are 
Table 13 
31 
Incoi'poration of i^C- OL -glycerophosphate into Lipids by 
Supernatant, Pellet, and Ammonium Sulfate Precipitated 
Fractions Prepared From M. Smegmatis* Cell-Free Extracts 
pH of 
incubation 
mixture 
nra GP incorp/mg 
Protein/hr. 
Supernatant 22.0 
o 
u 7.5 Pellet 0.7-0.3 to 
rH 
o Supernatant & Pellet 7-3 
U 
Q) O 
N 
rH 3.6 
Supernatant 56.0 
o Pellet 0.2-04 
• 
Supernatant 
Pellet 
23.1 
2.0 
7.5 Supernatant & Pellet 11-12 
r o 
u 
0-20$ AMS 3.1 
to 20-40$ AMS 6.6 
0) 
(A 
o o Supernatant 41.0 
3 
r~i 
o 
3.6 
Pellet 
Supernatant & Pellet 
0-20$ AMS 
0.4-0.5 
25-26 
9.3 
Conditions: Protein 30 ;il (500-1000pg), tf-mercaptoethanol 
3*6 pinoles, Mg2+ 0.45 junoles, 1M Tris buffer pH 7.5 
25 jal, oleoylCoA 3.0 "nmoles, ^C-CX -glycerophosphate 
540?tmoles, 337,000 dpm in a total volume of 170 jul. 
1 hr. incubation at 30C. Lipids recovered by GFP 
method 
* mid-late logarithmic phase cells used 
not known. It may be that the differences in response to 
pH by the supernatant and pellet fractions could be due to 
a difference in the relative amounts of the various enzymes 
distributed in these two fractions. 
It is possible that the activity of CX-GP-acyltrans- 
ferases was higher at pH 7*5> and the lower radioactivity 
recovered in lipids in the supernatant fraction at this pH 
was not a result of anabolism but of catabolism. The 
higher activity of phosphatidate phosphohydrolase at pH 7*5 
could result in the production of larger amounts of neutral 
lipids which might be more susceptible to the action of 
lipases. Consequently, the increased reactivity of the 
(X-GP-acyltransferases would be masked by the increased 
action of the lipolytic enzymes. 
The decreased amount of (X-GP incorporated per milli¬ 
gram of protein in the pellet fraction when compared to the 
supernatant fraction of the Cell-Free Extract was undoubt¬ 
edly due to the presence of a large amount of structural 
proteins in the pellet fraction. 
Experiments reported here (Table 19) and performed by 
Barakat (11) and Y/alker (unpublished experiments) have de¬ 
termined that Mg2+, oleoyl-CoA are required for supernatant 
Cell-Free Extract fractions to catalyze the incorporation 
of l^C-Cf-GP into lipid.' Neutral lipid synthesis is en¬ 
hanced by the addition of higher concentrations of Mg2+. 
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Increasing the concentration of oleoyl-CoA stimulates the 
formation of TG somewhat, however, the ratio of neutral 
lipids to polar lipids remained unchanged* 
From these experiments it would appear that a Mg^+ 
activated phosphatidic acid phospholydrolase is present in 
the supernatant fraction. It would also seem that in this 
system oleoyl-CoA was acting as a limiting factor in the 
acylation of the diglyceride produced to form TG. A sim¬ 
ilar Mg^+ dependent PA- phosphohydrolase also appears to 
be present in the pellet fractions (Table 20). 
The following sections detail experiments which were 
performed to optimize the conditions for lipid biosynthesis 
in cell free systems. In these experiments the effects of 
ATP, CTP and other small molecules were studied. 
V. Optimizing the Conditions for Lipid Synthesis 
Early logarithmic phase glucose grown M. smegmatis 
cells were harvested, washed with 0.05 M Tris buffer pH 7.5 
and resuspended in 0.05 M Tris buffer pH 7.5 containing 
10”^M DTT. Cell-Free Extracts were prepared and fraction¬ 
ated into supernatant and pellet fractions as covered in 
Materials and Methods. In the control experiments, 3.4 mg 
of supernatant and 2.5 mg of pellet, respectively, were 
incubated at 35C for 1 hour with 1.5 /mi of Q-glycero¬ 
phosphate (1 /imole coldtfGP { 5.6 /imoles ^C-OC-GP, 
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336,000 dpm), 0,1 ^imole of oleoylCoA, 100 jamoles of phos¬ 
phate buffer, pH 7.55» 5 jimoles each of KF and Mgc^, and 
3 mg of BSA in a total volume of 1 ml. The amount of 
^C- 0i -GP incorporated into lipids was studied, by varying 
the concentrations of Mg(Table 21) and of BSA (Table 22) 
by omitting the KF, and by the addition of 5 jumoles of 
mercaptoethanol as well as various concentrations of KC1 
(Tables 23 and 24). The optimal condition for the incor¬ 
poration of *^C- Of-C-P into lipids by the supernatant and- 
« 
pellet fractions of glucose grown young M. smegmatis Cell- 
Free Extracts was found to be 1 mM DL-OC-GP, 0.1 mM 
oleoylCoA, 100 mM phosphate buffer pH 7?55> 5 mM Mg^+ and 
0.1$ bovine serum albumin. The addition of 5 mM mercapto¬ 
ethanol or 5mM KF or KC1 resulted in inhibitions of bio¬ 
synthesis. 
The relationship between the enzyme concentration and 
the ^C-0£-GP incorporation was also studied. Results are 
shown in Figures 2 and 3. It may be seen that a linear 
relationship between protein concentration and ^^C-O^-GP 
incorporation by supernatant fractions was observed only 
in the lower range of protein concentrations. At higher 
concentrations the incorporation of labeled substrate tended 
to level off. It is possible that with a large amount of 
enzymes, certain co-factor (s) would become rate limiting. 
The linear increase of radioactivity at the higher protein 
concentrations with the pellet fraction was probably due 
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Protein (mg) 
Figure 2 
Relationship Between Protein Concentrations and ^C-0(-GP 
Incorporated by 30,000 xg/l hr. Supernatant Fraction Pre¬ 
pared From M. Smegmatis Cell-Free Extracts. 
Conditions: 0.5-3 nig supernatant proteins, 100 umoles pot. 
phosphate buffer at pH 7.55, 1 umoles DL -CP, 0.52 umole 
l^c- _GP (336,000 dpm) 0.1 umole oleoylCoA, 1 mg BSA, 
5 umoles Kg^“, in a final volume of 1 ml 1 hr. incubation 
at 35C. 
92 
Protein Concentration (mg) 
Figure 3 
Relationship Between Protein Concentrations and -^C-C(-GP 
Incorporation by 30,000 xg/l hr. Pellet Fractions Prepared 
From M. Smegmatis Cell-Free Extracts. 
Same conditions as for Figure 2. 0.3-2.5 mg pellet protein 
used. 
93 
to the presence of a large portion of structural proteins 
in this fraction. 
Figures 4 and 5 show a tine-stud)' of the incorporation 
cf -ic-a-c-? by supernatant and pellet fractions respective¬ 
ly. It nay be seen that under the conditions used with the 
supernatant fraction, that incorporation was linear up to 
15 minutes. In the case of the pellet fraction, linearity 
occurred up to 60 minutes. These experiments also show 
that a considerable portion of the label is incorporated 
into neutral lipid by the supernatant fraction. In the 
case of the pellet fraction most of the labeling occurred 
in the polar lipids. Whether such a variation is due to the 
difference in the PA-phosphohydrolase activities can not be 
determined. However, the higher TG/DG ratio observed in 
the supernatant fraction may indicate that the DG-acyl- 
trenaferase activity is higher in this fraction. 
1. Effect of Karnnesium on the Incorporation of ^C- 
QC-1? into Lipids by the Supernatant Fraction Pre¬ 
pared from Y.» Snegcatis Cell-Free Extracts. Various 
concentrations of J'gcl2, ranging from 0 to 5mK, and other 
co-factors found to be optimal for 14c- Ot-GP incorporation 
were incubated with the supernatant fraction of glucose 
grown young K. suesmatis Cell-Free Extracts. Results are 
summarized in Figure 6. It clearly indicates that there is 
a phcsphatidic acid phosphohydrolase present in the cytosol 
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Figure 4 
Relationship Between the Incorporation of ^C- Ct-GP into 
Lipids and Incubation Time. 
Conditions: 2-3 mg 30,000 xg/l hr, supernatant protein, 
other co-factors same as for Figure 2. 
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Figure 5 
Relationship Between the Incorporation of C<-glycero- 
phosphate into Lipids and Incubation Time. 
Conditions: 2-2.5 mg 30,0CCL,xg/l hr. pellet protein, other 
co-factors same as 'for Figure 2. 
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-DG 96 
Mgcl2 (uraole) 
Figure 6 
Effect of Mg2~Concentration on the Incorporation of -^C-Of-GP 
into Lipids by Supernatant Fraction Prepared from M. Smegmatis 
Cell-Free Extracts* 1*5 mg supernatant proteins with varying 
concentration of Mg^-, 15 minutes incubations. 
Other conditions same as for Figure 2. 
0 
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fraction and that its activity is stimulated by magnesium 
ions. It may also be seen that low concentration of Mg^+ 
(up to 1 mM) also activated Of-GP acyltransferases. At 
higher concentrations the Mg^+ was inhibitory. These re¬ 
sults are consistent with observations presented earlier 
in this study (Table 19). 
2. Effects of ATP and CTP on the Incorporation of 
1/fc- % -Glycerophosphate into Lipids by Supernatant 
and Pellet Fractions of M. Smegmatis Cell-Free Ex¬ 
tracts. The enhancement of lipid biosynthesis by ATP 
in mammalian systems has been reported by Johnston et. al. 
(72), by Smith and Hubscher (139), and by Smith and co¬ 
workers (140). ATP and CTP was also observed in this study 
to stimulate lipid formation (Figures 7, 9 and 10). 
Smith and Hubscher (139) and Johnston and associates 
(72) have suggested that CoA may be recycled in the 
presence of ATP (and indirectly CTP) to form acyl-CoAs 
from endogenous fatty acids which are better substrates 
in the acylation reactions than is the added acylCoA. The 
existence of specific acyl-transferases in mycobacteria 
was suggested by the observation that fatty acids are very 
specifically distributed in the neutral lipids and phos¬ 
pholipids of these orgnaisms. However, this fact is dis¬ 
puted by the earlier studies of this investigation where 
labeled fatty acids were used. If ATP and CTP indeed 
9$ 
ATP (mM) 
Figure 7 
Effect of ATP on Incorporation of -^C-OC-GP into Lipids by 
30,000 xg Supernatant Fraction of M. Smegmatis Cell-Free 
Extracts. 
1.5 mg supernatant protein, 15 minutes incubation at 350. 
Other co-factors same as for Figure 2. 
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ATP (mM) 
Figure & 
Effect of ATP on the Incorporation of -^C-Ol-GP into Lipids 
by 30,000 xg Pellet Fractions Prepared From M. Smegmatis 
Cell-Free Extracts. 
2.5 mg of pellet protein. Other conditions same as for 
Figure 2. 
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Figure 9 
Effect of CTP on the Incorporation of (^-glycerophosphate 
into Lipids by 30,000 xg Supernatant Fractions Prepared From 
M. Smegmatis Cell-Free Extracts. 
Conditions same as for Figure 
C
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CTP (mM) 
Figure 10 
Effect of CTP on the Incorporation of *^C-Of-glycerophosphate 
into Lipids by Washed 30,000 xg Pellet Fractions Prepared 
From M. Smegmatis Cell-Free Extracts. 
Conditions same as for Figure 9. 
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facilitates the formation of acylCoAs from endogenous fatty 
acids which would then be preferentially utilized by the 
acyl-transferases in acylating c*-glycerophosphate, then 
the amount of *^C- fatty acid incorporated into lipids 
should be reduced. Results in Table 9 indicate that the 
incorporation of labeled fatty acids is stimulated by the 
addition of small amounts of CTP. 
The similarity in the stimulation of lipid synthesis 
at ATP and CTP (Figures 7 and 9, and S and 10) tends to 
suggest that their mode of action is the same. Comparing 
the results summarized in Figure 5 with those in Figures 7 
and 10, and those in Figure 6 with Figures $ and 9> it is 
evident that the action of the DG-acyltransferase en¬ 
zyme (s) was greatly enhanced by the nucleotides. Data 
also indicate that the activities of OL-glycerophosphate 
acyltransferases and that of phosphatidic acid phospho- 
hydrolase were also stimulated. However, whether these 
nucleotides activated these enzymes by increasing the Vmax, 
or lowering the Km or some other mode of action awaits 
further investigation. 
3. Effect of KF on ^C-0(-Glycerophosphate Incorpor¬ 
ation into Lipids. The effect of F~ ion on ^C- Ot-GP 
incorporation into lipids was also studied. Results are 
presented in Table 25. It may be seen that the incorporation 
of labeled substrate is slightly inhibited only at a very 
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high concentration of F“. The activity of the PA-phos- 
phohydrolase, which was low in the pellet and high in the 
supernatant fraction was unaffected by F" at 10 mM. How¬ 
ever, high concentrations of this ion inhibited the enzyme 
equally well in both the pellet and supernatant fractions, 
VI. Phosphatidate Phosphohydrolase. 
It is generally believed that there are two phos¬ 
phatidate phosphohydrolases present in mammalian tissues, 
one is membrane-bound while the other is a soluble enzyme. 
The respective preferences of these enzymes for either 
soluble or membrane-bound substrate has been discussed in 
the literature review. The magnesium dependency or inde¬ 
pendency and differences in biological function has also 
been reviewed. 
In these studies preliminary results suggested that 
the PA-phosphohydrolase from M. smegmatis was a single 
enzyme. In order to probe this hypothesis further several 
experiments were perfromed to study the properties of this 
enzyme and to determine if in fact only one PA-phospho¬ 
hydrolase is present in M. smegmatis. The following sec¬ 
tions detail those experiments. 
1• Cytosol PA-Phosphohydrolase. Its Activity Against 
Soluble Substrates. Previous studies have presented 
evidence indicating that ^C- Ot-glycerophosphate could be 
o 
105 
successfully incorporated into TG, DG, and polar lipids by 
both supernatant and pellet fractions of M. smegmatis Cell- 
Free Extract. In the following experiments supernatant 
proteins of this organism were precipitated with ammonium 
sulfate by a procedure similar to that which was used sat¬ 
isfactorily to partially purifying the enzyme PA-phospho- 
hydrolase in mammalian cell-free extracts (136, 137, 139). 
Fractions thus obtained were tested for their ability to 
incorporate -^C-glycerol and l^C- ©(-glycerophosphate into 
neutral and polar lipids. Results are summarized in 
Table 26. 
It may be seen that by the simple expedient of making 
the supernatant fraction to 20$ and to 40$ saturation with 
ammonium sulfate resulted in nearly all of the enzymes in¬ 
volved in the de novo lipid synthesis from glycerol being 
rendered sedimentable causing a tv/o to three fold purifi¬ 
cation. Though very little difference in specific activity 
was observed between the 0-20$ and 20-40$ saturation AMS 
precipitated proteins, it appears from these data that 
higher activities of phosphatidate phosphohydrolase and 
DG-acyltransferase were found in the 0-20$ fraction while 
the 20-40$ fraction appears to contain more (X-GP-acyl- 
transferase activity. Supporting results for such an ob¬ 
servation were obtained from experiments in which Tris 
buffer, supernatant proteins, and 20-40$ and 40-60$ AMS 
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fractions, respectively, were added to lipids pre-synthe- 
sized from ^C- ^-glycerophosphate by 0-20$ AMS proteins 
(Table 27)• 
Repeated freezing and thawing has been used to par¬ 
tially . purify the enzyme phosphatidate phosphohydrolase 
obtained from mammalian tissues. In order to determine 
what effect such a procedure would have on the activities 
of PA-phosphohyarolase, (X-glycerophosphate acyltrans- 
ferases, and DG-acyltransferase of M. smegmatis, the 0-20$ 
and 20-40$ AMS fractions were subjected to a process of 
freezing and thawing five times in a period of five weeks. 
The -^C-glycerol incorporation into various lipids by 
these two fractions was again studied (Table 2$ and Figure 
11). It was demonstrated that the DG-acyl-transferases 
was nearly completely inactivated by such a treatment 
while the PA-phosphohydrolase was not, or was only slightly 
affected. 
Because of the high nucleoprotein content of the Cell- 
Free Extracts it was felt that these compounds could have 
been responsible for the poor separation of enzymatic 
activities in the 0-20$ and 20-40$ AMS fractions. Fresh 
Cell-Free Extract was then treated first with manganous sul¬ 
fate according to the method of Kaufman (78 )• After removal 
of the nucleoproteins by centrifugation, the supernatant 
fraction was then subjected to AMS fractionation. The 
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Figure 11 
A Time Study of the Incorporation of ^C-glycerol into Lipids 
by 0-20% AMS Precipitated Supernatant Proteins Prepared From 
M. Smegmatis Cell-Free Extracts. 
Conditions same as for Table 27. 
Ill 
incorporation of ^C-glycerol, and the effects of KF and 
Tween-20 on its incorporation, into lipids by the AMS 
fractions were investigated. Data obtained from these 
studies (Tables 29 and 30) indicate that although the pro¬ 
cedure was unsatisfactory for separating 00*GP-acyl- 
transferases from other lipid synthesizing enzymes, AMS 
frationation does appear to concentrate more of the PA- 
phosphohydrolase activity in the 20-40$ AMS fraction. 
Since the ^/DG ratio is similar in the 0-20$ and 
20-40$ AMS fractions (Table 29), it was not clear whether 
the higher counts in TG in the latter fraction was due to 
a greater activity of DG-acyltransferase or to a larger 
amount of DG formed. This aspect was pursued later in 
this investigation. 
Evidence has also been presented that Tween-20 inhibits 
lipid biosynthesis, probably at the level of the acylation 
of CX-GP. 
The effect of KF on various lipid synthesizing enzymes 
was variable. Inhibition of DG-acyltransferase activity 
was observed while a stimulatory effect on PA-phosphohy- 
drolase was also noted. The paradoxical effect of KF on 
PA-phosphohydrolase activity as revealed in Table 30 and in 
Table 25 was probably due to the amount of K* presented in 
the incubation system. This enhancement effect upon neu¬ 
tral lipid formation by these ions was reported earlier 
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(Tables 10 and 11). It is thus possible that high concen¬ 
tration of F" ions indeed inhibit PA-phosphohydrolase 
activity, however, this inhibitory effect could be abol¬ 
ished or obscured by the greater stimulatory effect of the 
K+ ions. 
From the above studies, it is apparent that cytosol 
PA-phosphohydrolase can efficiently utilize soluble sub¬ 
strates. In order to determine its ability in hydrolyzing 
membrane-bound substrates, Membrane-bound” phosphatidic 
acids we re synthesized and hydrolytic experiments were per¬ 
formed. Results of these studies are presented in the fol¬ 
lowing sections. 
2. Synthesizing ”Membrane-3ound” Phosphatidic Acids. 
In the following experiments, 2 to 4 mg of 30,000 xg un¬ 
washed pellet fractions of M. smegmatis Cell-Free Extract 
suspended in 0.05 Tris buffer, pH £.6 was incubated with 
-^C-glycerol (sp. act. 16 jiCi//imole) 413,360 dpm, 5 /imoles 
of ATP, 60 'nmoles of oleoylCoA, 5 ^raoles of magnesium 
chloride, and 3.6 ^imoles of mercaptoethanol in a total vol¬ 
ume of 1 ml. The effects of various concentrations of NaF 
as well as the effect of incubation time on PA synthesis 
by the above system was studied. Results of these studies 
are shown in Figures 12 and 13, respectively. 
Again it was seen that low concentrations of NaF caused 
an increase in labeling of triglycerides at the expense of 
115 
NaF (umole) 
Figure 12 
Effect of NaF on the Incorporation of ^C-glycerol into Lipids 
by 30,000 xg Unwashed Pellet Prepared From K. Smegmatis 
Cell-Free Extracts. 
Conditions: covered in text. 30 minutes incubation at 35C. 
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Figure 13 
A Time Study of the Incorporation of ^C-glycerol into Lipids 
by 30,000 xg Pellet Fractions Prepared From M. Smegmatis 
Cell-Free Extracts* 
Conditions covered in text. 20mM • NaF added. 
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labeling of the polar lipids. At the higher concentrations 
of fluoride ion, neutral lipid formation was inhibited, in¬ 
dicative of the inhibition of the PA-phosphohydrolase. It 
may also be seen from Figure 13 that a one hour incubation 
is suitable for the synthesis of "membrane-bound” phos- 
phatidic acids. 
The polar lipid fraction was analyzed by TLC and found 
to be composed of from #£-90% phosphatidic acid. 
In orde,r to obtain a substantial amount of membrane- 
bound substrate, the pellet proteins and other co-factors 
used in the foregoing experiments were scaled up 10-15 times 
and incubated at 35C for one hour. In an attempt to remove 
the unused -^C-glycerol, the incubation mixture was fil¬ 
tered through a column of Sephadex G-25. The filtrate 
(referred to as "pre-synthesized membrane lipids") was used 
in the subsequent experiments. 
3. Studies of the Effects of Phosphatidate Phospho- 
hydrolase Against Membrane-Bound Substrate. To examine 
the activity of phosphatidic phosphohydrolase against mem¬ 
brane-bound substrate, 2.5 ,pmoles Mgc^ and 200 pi each of 
0.05 M Tris buffer pH 7.5, pellet, supernatant, and 0-20%, 
20-40%, and 40-60% AMS proteins of "nucleoprotein-free" 
supernatant fraction of M. smegmatis Cell-Free Extract, 
respectively, vie re distributed into each of six tubes. To 
each of these tubes, 200 jxl of the filtrate containing 
"pre-synthesized membrane lipids” was added and incubated 
at 35C for 30 minutes. 
It had been found (Table 31) that the membrane-bound 
PA was hydrolyzed by both the pellet and supernatant PA- 
phosphohydrolase. A considerable amount of DG thus formed 
was acylated to TG by the supernatant fraction while that 
in the pellet fraction v/as incorporated into TG and polar 
lipids. 
The lipase activity of the supernatant fraction was 
found to be quite high. Most of these lipases were preci- 
itated when the ammonium sulfate concentration v/as raised 
from 40-60$ saturation. 
In an attempt to test the ability of membrane-bound 
PA-phosphohydrolase to hydrolyze soluble substrate, phos- 
phatidic acids (14c~oleate) synthesized by Cell-Free Ex¬ 
tract of M. smegmatis were extracted, purified and resus¬ 
pended in 5$ BSA. The "soluble” PA thus obtained was 
added to a cell-free system containing 4 mg washed 30,000 
xg/l hr. pellet and other co-factors. Effects of CTP, 
EDTA, and triose phosphates on its hydrolysis were also 
studied. Results are presented in Table 32. 
It is evident that soluble phosphatidic acids are being 
hydrolyzed by the membrane-bound enzyme. However, unlike 
the mammalian system, a preference for soluble substrate 
by the membrane-bound PA-phosphohydrolase was not observed. 
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No conclusive evidence concerning the effects of CTP, EDTA, 
and triose phosphate on the enzyme was obtained. 
4. Estimation of Molecular Weights of Lipid Synthe¬ 
sizing Enzymes. The molecular weights of the various 
lipid synthesizing enzymes were estimated by ultrafiltra¬ 
tion. Supernatant proteins were filtered through ultra¬ 
filters of varying pore size. The procedures used are 
covered in Materials and Methods. 
Various filtrates containing proteins of different 
molecular weights were tested against the "pre-synthesized 
membrane-bound lipids". The results are presented in 
Table 33. 
The formation of much greater amounts of labeled 
lipids in experiments where total supernatant or filtrate 
after xmlOOA filtration was used in comparison to control 
experiments may indicate the presence of -^C-glycerol or 
l^C-0(-GP in the testing systems. 
Upon examining the distribution of radioactivity in 
the lipids of the different tested systems, it is evident 
that the molecular weight of PA-phosphohydrolase is be¬ 
tween 100,000 and 200,000 and that of the (X -GP-acyl- 
transferases less than 100,000. 
From Table 33 it may be seen that the DG-acyltrans- 
ferase activity was not present in the 100 to 300,000 
fraction (through the XM-300 membrane but retained by the 
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XM-100A membrane), and it was not present in the fraction 
which passed through the XM-100 membrane. It would appear 
from this data that this enzyme either has a molecular 
weight over 300,000 or it was inactivated in the filtra¬ 
tion process. 
VII. Acylation of Diglycerides to Triglycerides. 
In vivo as well as _in vitro evidence indicating di¬ 
glycerides act as a direct precursor for triglyceride syn¬ 
thesis in mammalian tissues has been presented by various 
investigators. In an attempt to determine whether DG could 
be acylated to TG in Cell-Free Extracts of M. smegmatis or 
whether certain phosphatides act as intermediates in TG 
formation, various concentrations of diolein, phosphatidic 
acid, and cardiolipin were added to a cell free system in 
which the incorporation of -^C-oleate into lipids has been 
demonstrated. 
Results presented in Table 34 tentatively indicate the 
direct precursor role of DG in TG synthesis; upon the 
addition of 1 or 3 jumoles of diolein there was $.4 and 
1&.2 ^pmoles, respectively, of ^C-oleate incorporated into 
TG above that of the control tube. 
To obtain further evidence to substantiate these ex¬ 
periments ^C-glycerol-1,2-diolein and -^C-glycerol-1,3- 
diolein were incubated with ammonium sulfate salt 
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precipitated supernatant proteins and other necessary co¬ 
factors for lipid biosynthesis (Table 35)* 
The low counts in TG when 1,3-diolein was included in 
the cell free system indicated that this compound was not 
a suitable substrate for the esterification reactions. 
The fact that the addition of 5 /imoles of ATP in the in¬ 
cubation system did not increase radioactivity in any of 
the lipids demonstrates that the amount of DG being hydro¬ 
lyzed to glycerol and then used as substrate for de novo 
lipid synthesis was negligible. 
When l^C-glycerol-1,2-diolein was used as a substrate 
it was esterfied to form TG by both the 0-20% and 20-40% 
AMS precipitated proteins, although a considerably greater 
amount of TG was found in the latter fraction. Such a 
finding is in agreement with results observed earlier 
(Table 29). 
The incorporation of 1,2-diolein in TG by 20-40% 
saturation AMS precipitated supernatant proteins of M. 
smegmatis Cell-Free Extract was followed over a time period 
of 75 minutes (Figure 14). The results indicate that there 
was a gradual decrease of radioactivity in the DG fraction 
up to 45 minutes, after which the amount of label in DG 
remained constant. Although there was a gradual increase 
in the incorporation of labeled substrate in the TG, its 
increase does not correspond to the greater disappearance 
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Figure 14 
A Study of Esterification of DG by 20-40% AMS Precipitated 
Supernatant Proteins Prepared From M. Smegmatis Cell-Free 
Extracts. 
Conditions same as for Table 35 with varying incubation time. 
5 umoles ATP included. 
12$ 
of DG. A closer examination of the curves reveals that a 
considerable amount of the added DG was being hydrolyzed 
into water soluble material, probably glycerol. The 
nearly parallel relationship between the curves of DG and 
MG may-indicate that the MG was an intermediate in the 
hydrolytic process. 
The slight increase in radioactivity in phosphatides 
may be a result of the acylation of the *^C- £{-GP formed 
from ^C-glycerol and ATP by the action of glycerol-kinase. 
c 
DISCUSSION 
The dynamic role of lipids in bacterial metabolism 
is evident by the rapid and profound qualitative and 
quantitative changes which occur in these compounds upon 
alteration of environmental conditions. Many studies have 
shown that alterations in pH, medium composition, oxygen 
tension and cell age rapidly and radically change the 
cells lipid components. 
The mycobacteria, partly because of their high lipid 
content and partly because of their role' in disease pro¬ 
duction have been selected by biochemists as model organ¬ 
isms to study bacterial lipid composition and metabolism. 
Until recently, however, study of the neutral lipid compo¬ 
nents of these organisms has been neglected. This study 
was initiated in order to fill this gap. It has been di¬ 
rected at discerning the major pathways extant in tri¬ 
glyceride biosynthesis and has been concerned, in addition 
to determining the nature of the regulatory mechanisms 
involved in this pathway. 
In mammalian tissues three pathways have been delin¬ 
eated as being involved in TG biosynthesis: 1. the oC-GP 
pathv/ay (#1); 2. the MG pathway (24); and 3* the DHAP 
pathway (47). Previous work from this laboratory (11) has 
130 
shown that the MG pathway does not exist in M. smegmatis. 
The relative importance of the other two pathways in TG 
biosynthesis is not known. 
1. 0£-GP as the Primary Precursor for TG Synthesis. 
The stereospecific distribution of fatty acids in TGfs 
isolated from mycobacteria has been described (157)* The 
substrate specificity of 0£-GP-acyltransferases in animal 
systems is quite contraversiaI (12, 41, 54, 94, 97, 93, 114, 
117 and 4, 5, 6, 66, 33, 93, 96, 110, 122, 142, 133, 164). 
On the other hand, greater selectivity of fatty acids in 
the acylation of DHAP than in the acylation of CX-GP has 
been demonstrated (46). These facts together with GoldmanTs 
finding that the initial step of glycerol metabolism in 
M. tuberculosis H37Ra Is oxidation followed by phosphoxyla- 
tion to DHAP (43) and the results of this study showing that 
the incorporation of 14c-oleate into lipids is stimulated 
by the addition of dihydroxyacetone phosphates (Table 11) 
may lead one to assume that in M. smegmatis TG might be syn¬ 
thesized via the DHAP pathway. Experiments performed in 
this study with labeled glucose, fructose 1,6-diphosphate 
and 3-phosphoglycerate (Tables 14 to 17) have shown, how¬ 
ever, that these compounds and in particular the glycolytic 
intermediate DHAP were not acylated to any extent. 
It was shown indirectly on the other hand, that Ctf-GP 
was the probable primary acyl acceptor (Tables 2, 3, 4, 5, 
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7 and S). These experiments indicated that inclusion of 
CX-GP in the incubation mixture caused a shift in incor¬ 
poration of labeled fatty acid from TG to polar lipids 
(particularIyPA). This effect was more pronounced in cell 
free preparations from glucose grown cells than from glyc¬ 
erol grown cells* Since the total incorporation of labeled 
fatty acid was generally not increased when Ot-GP was 
added, it appears that the observed increase resulted from 
a competition for the added radioactive substrate between 
CX-GP and an unidentified TG precursor* Such an unidenti¬ 
fied endogenous precursor has been reported in yeast by 
Johnston and Paltauf (71)• 
Direct evidence was presented which indicated that 
(X-glycerophosphate acted as a primary acceptor for TG 
synthesis in M. smegmatis was obtained in studies where 
^C-C^-GP or -^C-glycerol was used. 
It has been found that l^C-CX-GP and l^C-glycerol were 
successfully incorporated into PA, polar lipids, DG, and 
TG by pellet fraction, supernatant fraction, and 0-20$ and 
20-40$ AMS precipitated supernatant proteins of M. 
smegmatis Cell-Free Extract (Tables IS and 26). 
Results obtained from experiments where the incorpora¬ 
tion of l^C-OC-GP into various lipids vs. time was studied 
(Figures 4 and 5) tend to indicate that the l^C-CX-GP was 
first acylated to a polar lipid which in turn served as an 
« 
intermediate in the formation of DG and TG. Evidence 
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indicating that such a polar lipid was phosphatidic acid 
was also presented (Tables 29, 30 and 31)* 
It may also be seen that the CX-GP-acyltransferase 
enzymes were found in both the pellet and supernatant 
fractions of M. smegmatls Cell-Free Extracts (Tables £ and 
26), These enzymes were precipitated from the supernatant 
protein fraction by 20-40% saturation ammonium sulfate 
(Table 26). 
Low concentrations (to 3mM) of ATP and CTP were found 
to stimulate the cC-GP-acyltransferase enzymes (Figures 7, 
8, and 9, 10). Slight enhancement of their activities by 
low concentration of Mg^* was also observed. However, high 
concentration of this ion (above 10 mM) was found to in¬ 
hibit the enzymes (Table 21). Inhibition of the activity 
of this group of enzymes was also observed upon addition of 
fluoride ion (Tables 24 and 25), Tween-20 (Table 29) and 
upon freezing and thawing (Table 2$). 
Upon ultrafiltration of the supernatant fraction, the 
Ci-GP-acyltransferase activity was detected in the fraction 
of less than 100,000 molecular weight (Table 33)* 
2. Phosphatidate Phosphohydrolase. Phosphatidate 
phosphohydrolase is an important enzyme in the regulation 
of neutral lipid and phospholipid synthesis. In mammalian 
systems there appears to be two separate enzymes; the 
cytosol and the membrane-bound PA-phosphohydrolase. This 
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enzyme’s activity was detected in both the supernatant and 
pellet fractions of M. smegmatis Cell-Free Extract. It 
appears, however, that the enzyme is ax single entity. This 
conclusion is based on the observations that the activity 
in both the supernatant and pellet fractions are Mg2+ 
-dependent (Tables 19 and 20), and that in contrast to the 
mammalian systems, there was no preference for soluble sub¬ 
strates by the membrane-bound enzyme (Tables 31 and 32). 
Furthermore, the similarity of response of this enzyme from 
both the supernatant and pellet fractions to various acti¬ 
vators and inhibitors tends to indicate the presence of one 
hydrolase. 
The Mg^* -dependency of the phosphatidate phosphohy- 
drolase enzyme was shown (Tables 19 and 20). A gradual in¬ 
crease in activity was observed when the concentration of 
Oi 
in the incubation mixture was gradually increased up to 
5 mM (Table 21 and Figure 7), however, concentration above 
5 mM were found to be inhibitory. 
Experiments in which the incorporation of -^C-oleate 
(Tables 10 and 11) and ^C-OC-GP (Table 24 and Figure 12) 
by lipids were studied revealed that the uptake of the 
labeled substrates by neutral lipids was greatly stimulated 
by the inclusion of Na+ or K+ ions in the incubation sys¬ 
tem. The increase of neutral lipid formation was paral¬ 
leled by a corresponding decrease in the label in the polar 
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lipid fraction. Since over 90$ of the polar lipids was 
phosphatidic acid (Tables 29, 30 and 31), it appeared that 
the effect of the monovalent cations was the activation of 
the phosphatidate phosphohydrolase. 
Evidence has been presented which indicated that the 
activity of this enzyme was inhibited by Tween-20 
(Table 30). Its activity was not affected by low concen¬ 
trations of fluoride ion (Tables 23, 25 and 30), although 
high concentrations of this ion (50 mM) was found to be in¬ 
hibitory. 
Based on the results obtained from ultrafiltration 
experiments where phosphatidate phosphohydrolase activity 
was detected in the 100 to 300,000 molecular weight frac¬ 
tion, it appeared that the molecular weight of this enzyme 
was between 100,000 and 300,000 (Table 33)• 
Attempts to study the effect of ATP and CTP on the 
activity of this enzyme have been made. It was evident 
that these nucleotides act both as positive and negative 
modulators of lipid biosynthesis according to their intra¬ 
cellular concentrations (Figures 7, &, 9 and 10). Since 
the acylation of Ct-GP and the formation of DG and TG are 
simultaneously increased and/or decreased, the mode of 
action of these nucleotides can not be determined. Smith 
and Hubscher (139) and Johnston et. al. (72) have suggested 
that ATP (and indirectly CTP) may assist in catalyzing the 
formation of acyl-CoA!s from endogenous fatty acids which 
c 
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would be preferentially utilized by the acyltransferases 
in esterifying OL-GP. The observations in this study that 
small amounts of CTP stimulated the incorporation of labeled 
oleate by lipids (Table 9) tends to suggest that in M. 
smegmatis, at least, such a proposed mode of action of this 
nucleotide may not be of importance. 
In order to ascertain the true effect of ATP and CTP on 
phosphatidate phosphohydrolase, it would be necessary to 
purify the enzyme and study the effect of the nucleotides 
on the purified enzyme. The observation that the activi¬ 
ties of the (X-GP-acyltransferases and the PA-phosphohydro- 
lase could be separated by ultrafiltration (Table 33) and 
that repeated freezing and thawing inhibited the activity 
of DG-acyltransferase (Table 2&) but not that of the PA- 
phosphohydrolase presents a possible approach to at least a 
partial purification of the PA-phosphohydrolase enzyme. 
3. DG-Acyltransferase. Indirect evidence was pre¬ 
sented in Table 34 that diglycerides serve as direct pre¬ 
cursors of TGs. The addition of diglycerides to cell free 
incubation mixtures resulted in increased incorporation of 
label by the TG fraction. Other experiments (Table 35 and 
Figure 14) using glycerol labeled 1,2-DG further substan¬ 
tiated the precursor relationship of diglycerides. In these 
experiments the labeled DG was acylated to TG by various 
ammonium sulfate precipitated fractions of cell free 
extract. 
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It was evident that the enzyme DG-acyltransferase was 
present in both the supernatant fraction (Tables 2 and 3) 
and the pellet fraction (Table #) of M, smegmatis Cell-Free 
Extracts, This enzyme^ activity was found to be much 
greater in the supernatant fraction (Figures 4 and 5)* By 
making the supernatant fraction to 40% saturation with 
ammonium sulfate, the DG-acyltransferase was rendered sed¬ 
imentable with nucleic acids and lipoprotein; when the 
crude supernatant fraction was used, most of the enzyme 
was precipitated by 0-20% AMS (Tables 26 and 2$), However, 
when the nucleoproteins in the supernatant were removed 
with MnSO^ prior to AMS fractionation, higher activity of 
this enzyme was found in the 20-40% AMS fraction (Tables 
29 and 35)* 
Evidence was presented that Mg*+ stimulated DG-acyl- 
transferase activity (Tables 19 to 21). In addition, it 
was also shown that ATP, when added in low concentrations, 
appeared also to stimulate this enzyme (Figures 7 and £). 
Experiments outlined in Table 35 showed that when ATP was 
added to a concentration of 5 mM, a two fold increase in TG 
formation from ^C-glycerol-l,2-diolein occurred. Similar 
results were found when CTP was substituted for ATP in the 
reaction mixture (Figures 9 and 10). 
Data presented in Tables 10 and 11 have shown that Na+ 
and K+ caused an increase in incorporation of labeled fatty 
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acid in TG. Whether the stimulation of incorporation was 
due to action of these ions on the DG-acyltransferase or 
on the PA-phosphohydrolase enzyme is not known. Figure 12, 
however, does clearly show that small amounts of Na+ do 
cause a greater increase in labeling of TG than DG and one 
would suspect the DG-acyltransferase as well as the PA- 
phosphohydrolase enzyme was stimulated. 
4. Effects of Trlose -Phosphates. With the exception 
of &-glycerophosphate, all of the triose phosphates tested 
enhanced incorporation of ^C-fatty acid by lipids, par¬ 
ticularly in the case of the triglycerides (Tables 4> 5 
and 6). When the magnitude of the stimulatory effect of 
various glycolytic products was compared (Table 11), it was 
found that the degree of stimulation of incorporation by 
glyceraldehyde 3-phosphate and di-hydrcxyacetone phosphate 
was the same. However, a greater enhancement was observed 
with 2,3-diphosphoglycerate. These results tend to suggest 
that the mode of action of the glycolytic products is in an 
indirect fashion, by generating ATP rather than by some di¬ 
rect action upon the lipid synthesized enzymes. The simi¬ 
larity in the pattern of activation and/or inhibition of 
lipid synthesis between the different concentrations of 
2,3-diphosphoglycerate (Tables $ and 11), and those of ATP 
(Figure &) supported this view. 
From the foregoing discussion it is evident that the 
major route operable in M. smepmatis for the biosynthesis 
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of TG is the (X-GP pathway* This pathway is the major one 
which operates in animal systems. The major point of dis¬ 
similarity between the bacterial and animal systems is in 
the nature of the PA-phosphohydrolase enzyme. This enzyme 
appears to be a single entity in the bacterial system while 
it is two separate enzymes in the animal system, being 
totally Mg24 -dependent, stimulated by Na*, K+ and in¬ 
hibited by Tween-20 and F“. 
Johnston and Paltauf (71) have reported an unidenti¬ 
fied endogenous TG precursor in yeast. Evidence has been 
presented in this study that a similar acceptor is present 
in cell free extracts of M. smegmatis. Conclusions drawn 
from the various experiments performed suggest that this 
compound is 1,2-DG. 
In animal tissues, the regulation of TG-formation by 
hormones is undoubtedly of overriding importance. It seems 
logical to speculate that certain hydrophilic small mole¬ 
cules are responsible for regulating TG synthesis in micro¬ 
organisms. It has been found that small amounts of ATP or 
CTP stimulate the activities of (X-GP-acyltransferase and 
that of DG-acyltransferase. However, no conclusive results 
have been obtained regarding the effect of these nucleo¬ 
tides on the key enzyme PA-phospholydrolase. The true 
mechanisms of modulation of ATP, CTP, and other possible 
effectors on this enzyme can not be determined until the 
t 
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enzyme is separated from the other lipid synthesizing com¬ 
ponents and studied separately* A possible partial puri¬ 
fication process has been suggested. 
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